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PREFACE 


The military operations used as examples in this 
thesis are from World War II. I realize that nilitary men are 
Seceiiently criticized for "fighting the last war" when planning 
and training for future ones. However, in spite of the advances 
in airborne operations, both by parachute and by vertical 
Meeeott mlanes of all types, it is my conviction that most of 
PiessoUpp.ies used in support of an amphibious operation, at 
least in the foreseeable future, must be landed by water. 
Additionally, alternate plans must ve prepared for amphibious 
operations in case of bad weather curtailing or cancelling 
flight operations. 
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CHAPTER I 


THE EFFECTS OF WAVE ACTION ON 
AMPHIBIOUS OPsLRATIONS 


A:iphibious warfarc wes stucica by the U. S. Marine Corps 
gaa Navy during the 1920's and 1930's. The frco world is very 
fortunate that this phase of warfare was so well develoncd during 

his perio.:., as Worla War Il beennce very mucn of an island-hopping 
Se spaiegn in the Pacific, and anphibious operations played a major 
Meee it) the outcone in the Atlantic. 

An amphibious lending consists of several phases, The 
Meeet combat opcration is the pre-landing bombardment by naval 
,arships and the boribing by land-based and carricr-based planes, 
wiich take place for days or even weeks before D-Day, The purpose 
Sf this bombardncnt is to destroy, to the naxinun extent possible, 
tie dcfonses wiich the oneny has erected and to ninimize his 
ability to fight back when invaded. This phase is extrencly impori- 
ant and can recucec the casualties anong the landing troops con- 
siderably. On D-Day the transports, landing ships and craft, and 
EtewauUxidicrics arrive in the objcctive arca. The troops are loaded 
into anphitious vehicles (LVT's, LVT(A)'s and DUKW's) and landing 
craft (LCWi's, LCVP's and LWWif's). As H-hour approaches the 
Pepe LOUS venicles and landing craft form into weves and proeecd 
2iG0 the beach on a regular schedule. The anphibious venicles go 


meeeees they provide nore proteetion for the troops and can be 
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“Piven onto the beach, Throughout this day and the sueccecding ones 
daitional troops and supplies are brought ashore in support of 
une assault waves. During WWII glider and parachute troops were 
also landed in sore anphibious operations. Present day Marine Corps 
plans call for the use of helicopter-borne troops to seize doninst- 
ing terrain in order to supplenent the surface ship to snore move- 
ient. In addition the Arny is vlannings to use parachute troops. 
During the landings and in the cnsuing bettle, naval guns and air 
Support are uscd to destroy cneny ennlacenents and strong points. 
Inasmuch as the 16" guns on battleships can fire precisely at 
ranges of more than 15 miles, and smallcr guns at shorter ranges, 
taey are of great assistance to the landing force. Aircraft are 
especially valuable when the troops have advanced beyond the range 
@eecae Naval guns. 

In contrast to Napoleon's arny which "Marched on its 
stomach", the logistics problem of modern warfare is staggering. 
.n the 28 days following the invasion of Normandy 1,000,000 men, 
283,000 vehicles and 650,000 tons of supplies were unloaded over 
Beeweemencs and through the artificial ports, by a force of 2,000 - 
e009 craft and 15,000 men. (1) 

libpecemecsctecieniguesn logistical charactcristi¢caes 

an amphibious operation is the reouirement for the 


establishnent of a systen of logistical support waiech 
ensures that the necessary support for a Innding foreec 


ey Pr. Alfred Vagt, Lending Oncrations, Military Service 
Publishing Company, Harrisburg, Pa., 1952, p. 41 
quoted UP dispatch from Allicd Naval HQ, London, 8 
August, 1944, 
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is provided throughout the landing and assault phases 
Of Gae operation, without a loss in nomentun, until 
routine procedures of land warfare can be instituted 
ashore," 

The assault waves of troops carry only rations, water, 
and a linited amount of ammunition ashore with then. Their 
energency resupply consists of floating dumps. These dumps are 
landing craft or amphibious vehicles, loaded with supplies which 
will be required in the early hours of the battle. The floating 
dumps arc called into the beaches upon request of a tactical 
conmander in need of more supplics. As the battle progresses and 
Presceacnhead is enlarged, larger quantities of supplies are brought 
f2)Go reinforce she linited anounts on hand. 

The susecess of a landing depends upon sufficient 
feewerical support so that annunition, food, witer, gasoline, ctc., 
mre not wanting at any point. The nost critical phase of the land- 
mee, 25 in the carly stages when supplics are low and the defenders 
ore attempting to push the invaders back into the sca. During this 
phase a constant flow of supplics must be transported by landing 
erait or anphibious vehicles to the beach, Anytliing interfcring 
meen Gicse craft jeopardizes the success of the operetion. 

Heavy scas are one of the great dangers during this type 
of operation as they make resupply very difficult. They affect 
operations by making it difficult to lower boats alongside the 
meray Unking it risky end tine consuming to lift supplics and 
2 ulpment out of tne holds of ships, and by increasing the possi- 
bility of landing craft capsizing and sinking or broaching on the 


eooch, 


-) U.S. Marine Corps, Logistical Support Cincluding Personnel) 
landing Force Manual 20, Washington, 1952, pe 2-1. 
“ a 








The height of waves has a direct cffect on the enount 


sf tonnage that can be unloaded over tne beach. Figure 1 shows 






‘the relationship between tonnage unloaded and wave heights for 
the first two weeks of October, 1944 at Omaha Beach, Normandy. 

Tae Tamcines at Bewganvillce in the Solomon Isitends 
/ were nanpered by the heavy surf conditions at the tine. The surf 
dc sone of the beaches unusable thus increasing the load on the 
Bocucrs, (1) 

Surf conditions also played a large role in the battle 
Sr iwo Jina. he weather was moderate during the landings on the 
orning of D-Day. 


"The weather deteriorated toward mid-afternoon on 
the first day, and thereafter was nost erratic. (2) It 
was necessary to open up the alternate beaches and to 
shuttle back and forth in scareh of a lee coast. The off- 
ememe gradicnt was stccp, cspecially along the preferred 
Peaches, and waves sonetines towering ten feet broke 
gerectly on the narrow shelf below the first terrace. The 
downward thrust of the breakers and the outward pull of 
the undertow were so sreat that some 200 of the smaller 
landing craft were lost, most along the beaches. If the 
ranp wore down they were apt to fill with sand and water, 
and if not, they were likely to be broached by the next 
wewe., The tractor and DUKW drivers, unlcss they rode the 
erest of a wave onto the terrace and secured a good pur- 
Geese, also found their vehicles at least temporarily out 
ee comission. (3)" 





mit) Samuel Eliot iiorison, Coral Sea, Midway, and Submarine Action 
| Little, Brown ond Company, Boston, 1949, p. 303. 


2) Jeter A. Isely and Philip A. Crowl, The U.S. Marines and 
Amphibious War, Prinecton University Press, Princcton, 1951 
pe 517, from Commanding General, 5th Marine Division, Iwo Jina 
meport, Records Section, Marine Corps Sehool. 


2) Ibid p. 517, from Commanding General, 5th Amphibious Corps, 
meoendix 10 to Annex C to Iwo Jima report, Records Section, 
Marine Corps Schools, 
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ure 1, Relation between rate of unloading and the wave height 
at Omaha Beach, Normandy, From C.C. Bates, "Wave Forecasting 


ar Beresione", Annals New York Academy of Sciences, Vol 51, 
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Iwo Jina points out well the differences between an 
reat beach for an anphibious operation and the one that is 
available for use. 

"A beach with no obstructions or defenses scaward 

or landward; with decp water close to shores with a firn 
Bau 106 PoCk boutons Wilton no tides, currents or Supe. 

with a gradicnt which will pernit the beaching and re- 
jeection of all types of landing craft and ships under 

all conditions of loac at any desired tine, and not exccs- 
sive for tne use of vehicles; with exccllent trafficability 
and with adequate exits for personnel and vehicles would 

be Ci tdeal beach”, (IT) 

Strategic conditions dictate what lands or islands 
nave to be teken. Within these dictates there may be a choice 
Memoeveral landing areas; However, as nature seldom provides 
mereot tie attributes of an ideal beach in any one location, it 
is necessary to inprovise and to approach these conditions as 
closely as possible. To conbat poor beach soil conditions large 
Quantities of stecl matting were used during WWII so thet the 
meaed would be trafficable for vehicles. <A ereat deal of 
research is being conducted to solve this problen. 

ines probe of controlling the surf at a landime sstc 
was tackled only once,at Normandy, during WWII and not at all 
during the Korean War. (The installations at Nornandy are dis- 
Cussed in Chapter III of this paper.) Despite the steps taken 


in the use of mobile breakwaters at Normandy, nuch renains to be 


mene in tiis field so that unfavorable surf conditions will be 


(1) U. S. Marine Corps. Logistical Support, p. 3-2. 


6 


ad 


- 
® 
- 
2 








Smeliorated in every landing. The requirements for a nobile break- 
water in anphibious warfare ares 

1. The breakwater must be effective in stopping waves. 
A calculated risk may be assumed and only waves of a liniting 
Height and length considered. At Normandy the design wave was 8 
Beew High and 120 fect long. - 

2. the breakwater should be easily and econonically 
(in tine, facilities, and personnel) made and easily transported 
to the operating areca, 

3. The protection must be capable of being quickly 
placed with a minirnmn of denands for assistance from tugs and other 
ships and a nininun of interfcrence with the Landing opcrations 
proper. 

yy The breakwater must be durable enough to last for 
the anticipated duration of the amphibious operation, 


5, The brealaater must be fiemiy meimiteined in place, 








CHAPTER If 
WIND, WAVES AND SURF 


In order that we can determine the recuirenents for 
wave and surf protection ,we must review the nature and cnaracter- 
istics o; gravity ocean waves. 

The mass of water in a wave does not move shoreward 


with the velocity of the wave but oscillates back and forth. 


_, This wili be confirmed by anyone who has watched driftwood bobbins; 


up and down with the passing of each wave and moving only slightly 
Gaecic direction of the wave progression. Waves are composed Of 
particles of water that move in orbits, ae particles in the sane 
vertical plane parallel to the wave crest noving in phase to~ 
ecthcr, As the particles reach the top of their orbit the crest 

of the wave passes them, as they reach the bottom of their orbit 
emestrough goes by. The Stokian, or irrotationeal, theory. which 
has been observed to be closer to the actual conditions than 

@eeer proposed theories, states that the orbits are not closed, 
may Giaet 2 particle advances slightly in the direction of the wave 
mMetHon each time it goes around its orbit. This advance of water 
is known 2s mass transfer. he velocity of the mass transfer is 


miewh in table l. 





Period Length 


(secoris) (feet) Ly 6 8 10 12 20 30 
L 82 Owes 0.7 “See “229 

6 184 ee 2 Oh oO 08 220) 

8 328 oO: ts “<5 ate ot 7 «686 20 
10 Glee CG} 6 3 we Be, a5 | EO 
12 738 GO GO ncO>. «67. il — 6 
14 1003 Gor <O0F "Sor .OF 707 st? Wert 


Table 1. The velocity of mass transfer. 


Henry B. Bigelow and W, IT. Edmundson, 
Wind Waves _at Sea, Breakers and Surf, 
Hydrographic OPires, ~U,. S&S. Navy Pubii- 
cation H.0. #602, Washington 194-7 ,pe6. 


The physical characteristics of a wave are shown in 


cross section of a wave in Figure 2. 
Wave Length -L 


al water \ 


level } 


Wave troug 





Figure 2. Wave characteristics in deep water, 


The approximate amplitude of movement of a particle 


can be expressed by the following formulas: 
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a-=—-H-cosh 27 (d+2) "a" horizontal aiplitude of the orbit 





L dept j 
—— > pth of particle, downward 
sas measured negatively 
= ta" depth of water 
sinh 2-1 (d+z) "EL" wave length 
b=H ee Na" wave height 
cosh O74 th yertical amplitude of the orbit 
= 






oT Z 
As . —~oo 1.e@, im a deep water wave a=b=He “F 





’ 
and macretoreythe “cr vicles are noving in circles whose diameters 
decrease rapidly wit increasing depth, (See figure 3), At a depth 
of 2=L/2,"a" and "b" are only 4% of their surface values, and there- 
‘fore, there is little energy in the weve beneath this depth. (Deep 
‘water waves are defined as those waves whose 4 is less than 2.)Hence, 
mcm Constructing a breakwater in deep water, it is necessary to 

<ve the breakwater extend only to a depth equal to one-half of the 
dosign wave length. This principle ig one of the bases of the 
ieSign for the fla.ting breakwaters used at Normandy and discussed 1 


m2. Chapter ITI, 





eight of Wave at surface 
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0 se 


Ratio of Devth of particle 
dave length 


Ratio of Height of orbit at depth 


feeure 36 The relationshin..between the amplitude of an orbit 
and the relative cepth of the orbit, 
LN 








It mus: b2 noted that this Circular! Grbit 3 ¢ mimic only 
when d/L—so0, For 711 other cases the value of "b" decreases more 
fapidly than the vclue of "a", and honeo,the circular orbit, at the 


surface,changes to an cllivticzl motion as the depth increases, until, 


=. the bottom, the iGO eis l Mioiicn ts a backward and forward one, 
| 


In shallow water, as d/L-——>0, the amplitude of a part- 


ticle becomes: 2 = H (L/27rd) 
b = 4H (l+z/a) 


The orbit in shallow water is elliptical. The horizontal 
Major) axis remei:s nearly constant while the vertical (minor) 


Mens Gecreases diese tly with copth. 


Shellow water twaves are defined 


Is 


+3 those in water of less depth than L/25, 


The genoration of wevos in deep water is independent of 









spth and is a factor of threo things, the strongth of the wind, the 
aration of the wind and the length of the fetch, These parameters 
ve been plotted by C. h, Brotschneider, (1) The wave hoight and 
veriod can be deter ried from the graph knowing the three parameters, 


‘ith these characteristics of the wave the other physical features 


me be detcrnuincd, 


 # 


ifr 


Beach Erosian Board, Corps of Engincers, Technical 
Leport #4, Washington, 195%, p.l6é, fron C. L. Bretschneider, 
"Revised Wave Forecasting Relationship", Proceedings of 


second Conference on Coastal Ingincoring, 1952. 
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ce = gi tann 208, whore C is the wave velocauy. ‘Thiis) is 


meeapprOoximation of Stokes cduetion for C. In decp water 
| a a ow, : 
foieeded-—-l and C©=- gi = 5,10, L@ CLI, 2 is the wave 
meperio0ds therefore, L 


i) 
Va 
I~ 
fy) 
ES 

N 


FOCUS. usberace iis Ceturiiation of wave charactemiaeseor 

Meet «OL 30 knot. is assumed to blow over a fetch of 200 nautical 
Mees fOr 2 perio. of 12 hours, Fron Bretschncider, it is scen that 
|this wind will nrocuce a wave 15 fect high with a period of 9 
Seconas. The lon th of the wave would be 5.12 X ge = 414 PEC 
and its velocity wwid be C= L/P = 4414/9 = 46 '/sce or 27,3 
Mots. Although (12 wave crest travels at this high spocd, the 
meervicics of water at the surfecés move only at a speed of | 
i! = Rate ho = 5.21 '/sec. or 35 mots; therefore, Rime 

seen that, despite the high velocity cf the wave crest, the horizontal 
meeroctuy Of the water is quitc low at the erest and trough of the 


meave and decreases to O during intcrmediate phases of its orbit. 


/Ag a consecuence, the horizontal motion of the orbits in the open 





/sea has only a slight effect on ships and boats. 


meeeaucstion of the orbital vclocities at the top of ime 
Seat 2t the instant of breaking has not reccived as much 
Gerention as it doserves from a practical standpoint. But 
emayone who h.s had experience in surf kmows that cny objcev 
mem 2S a pl. nk or a small boat Lloating on the top of a 
rolicr, may 1. swept forward with astonishing rapidity just 
memcme GOp of the crest falls forward if the breakors are 
of the plunging type. And this is one of the reasons why 
fms SO Cifficult to bring even a surfboat in through 
imeem breakors, for it is likcly to be carricd forward over 
the crest unicss it is well handled, to be pitched dow 


12 


a> 6b 
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bow forenost into the trough ahead, where it will be in 
iminent danger of broaching to, as its stern continues 

wo DeWwept Terwerd in the air, or at the least of Timi 
with the water that pours down upon it from above. Surf 
running of this sort should never be attempted in small 
boats, except as a last resort. (1) 

Waves in a group are not all of the same height, as 
puffs of wind during the wave generation produce waves of unequal. 
size. The height of waves used in waterfront desim work is the 
“significant height", This is the average height of the highes% 
1/3 of the waves. 

As the waves pass out of the generating area they 
Mme-c tnoir choppy characteristics and become swells, the crest tai 
ing on a more rounded appearance. As the wave group proceeds, tne 
wave in the front of the group dies out while another wave is 
peeerayod at the rear of the group; therefore, the group velocra, 


~8, is lower than the wave velocity, C. 


4d 
Ce = nO where n = $/2}/1+ _L_ 
sinh 4&7 ad 
L 


In deep water n = 1/2, and the group velocity is 1/2 the individual 
wave velocity. In shallow water n= 1, and the group velocity is 
the same as the wave velocity, 

During the time the waves are moving from the genera- 
ting area to a shore, they are decaying. The length of the waves 
Meeewecs and tie height decreases, until at a great Gistance =oia 
the fetch, the wave has a negligible height and ceases to be invort- 


ant. The period and height of a swell during this fravel can be 


(1) Henry B. Bigelow and W. T. Edmondson, Wind, Waves at Sea, 
Piegmerosand surf, Hydrographic Office Publication No. 602, 
Masomine won, 1927, pe 110. 
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found on graphs, prepared by Bretschneider (1), knowing the period 
faa ncisnt ef whe wave at the cnd of thewfetch, thewmaimemnum fetch 
distance for the wave, and the decay distance. Aerologists can 
foreca.t the wave condition at any location if they have the 
weather reports over the ocean for the preceding days. 

As the waves approach shallow water they become in-~ 
fluenced by the bottom, The velocity of the waves is reduced and 
the length decreases while the height first decreases mildly and 
then increases rapidly. (See Figure 4.) The velocity of a wave 
in shallow water is a function of the depth, Ce = gd; therctore 
waves of all lengths travel at approximately the same speed as 


they approach the breaker line. 













2 lee _ 
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Depth relative to wave a 
in deep water. 


Ficure 4, The change in wave characteristics with shoaling water. 
Henry B. Bigelow and W. T. Edmondson 
Wind, Waves at Sea, Breakers and Surf, 
Pe HOS. 


(i) Beach Erosion Board, p. 19. 
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When the steepness (H/L) becomes approximately 1/7, 
the shape of the wave theoretically is no longer stable,and the 
Meee breaks. «acu clly, tro wave frocuently breaks before this 
Seeepncss is reacried due to tue chanzo in the wave profile that 
Prabucns and len..triens the trough while shortening and peaking the 
erest (1), 

Another factor governing the breaking of waves is the 


Pedative depth of tne water and the weve height. When the water 





| shoals to a depth ccuveal to 1.23 H the waves will break. The 1.3 
@aecor varics with the current, wind, and local conditions but is 
® close approxim:tion. fhe height of breaking can be expressed 


o21lso as a function of the deep water wave height and longth. 


Hy waere the subscript b indicates 
/3 condition at breaking and the o 
conditions in deep water, 


hee 
Ho 3. 3¢H./1L,) 
When the waves apvroach a shore at en oblique angle 
to the contour lines, they are refracted. The inner end of the 
wave crest fccls the bottom first, at d = L/2, and slows down, 
Migs successive slowing down of the wave <.long its crest turns the 


wave crest in tow. rd the beach and expands the wave along its crest. 











a ehere Line 





aq=L,2 contour 


— 


Pieure 5. Refraction of < wave. 


(1) Henry B. Bigelow and W. T. Edmcndson, Wind, 
Waves at Sea, Broakors end Surf, p. 131. 
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mac wave cnergy between any two orthnogonals remains constant durin; 









gefraction. As the wave is refracted and the crest expanded, the 
Sncregy is distributed over a longer wave crest, hence the energy pcr 
meee Of wave crest is reduced and the height of the wave is lowered. 


wee table 2), 


Pereentage cec.aise in hoisght between deep water and the 
meeakcr zone, for waves of different initial degrecs of steep- 
Mess approacniins a straichnt shore line (with straight and 
meeatlcl botto:1 contours) cat different angles. It is assumed 
Ghat the waves break where the depth of wator is 1.3 times the 
preaker heichts. 


Steepness of 


wave in decp Angle between wave in deep water and shore lin 
water 20° 30° 4.O° or 60° 1° 
(lengths:height} Percent Percent Percent Percent Pereent Percent 
l1Osl 0 3 6 11 iS 30 
2021 O D LO 16 26 38 
LOs1 a 6 fh ie/ 2/7 39 
wOOs1 2 6 12 19 28 LO 


maple 2. The redayection of wove hceivht cue to refraction, 


Henry B. Bigelow and W. TI. Edmondson, 
Wind, Waves at Soc, Breakers and Surf 


De 159. 

The cnergy in a wave is cqually divided between the 
potential energy of the relative heights of the crest and the trough 
Med the kinetic cnergy of the orbitel notion. The total cnergy in 
ene wave length is: 

: Ep = 8 HoL (2-Ma5) wiere MN = ae 


2 tanh? (2.771 d) 
Ca) 





In deep water the 7/L term is smalls hence, Ep = 8 aL, and the 


Bmersy -Ullds up very ropicly with increasing wave heights. 
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ioe ax,chives of the professional insti tutaons 
apeumd in authoritative records of the damage and pio- 
Gmerous “weer cfifects of stor: waves: boulders wp Go 
Heeerons wei sot Hove been was.iod over parapets of sea 
Wouds 10 to 12 foot cbove sea levels nasses of masonry 
weighing 3000 tons have been bodily moved; an iron 
casting 18" in dianoter and 1s" thick and embedded in 
Concrete 30 feet above soa level has bGen snactred eon 
Hibs Bees 2 “css of concrcte weighing 70,000 Gomes Has 
been wasned wnole from its foundations into the harbour; 
and so on. (1) 

A boos iwater sufficient to resist the onsilaugny wed 
weaves of this macnitude would be impossible to construct for an 
anphibious landinc; therefore a calculated risk must be assumed 
that only waves of certain liniting dimensions will be encountered 
Seeing the period of operations and tne breakwater designed for 
Sqeee weves. ITIteis not necessary that the waves be completely 
clininated behind the breakwater. If the wave height can be 
reduced by 50% the energy reduction would be 75% This would 
Meeauly aid the landing operation. 

The cierey in ec weve will be dissivcted unom reachane 
Mepeeey in diffo-ent ways depondins upon the slope of the beach. 
On a shallow beach the wave shape is altered until it becomes 
slightly concave on both slopes, and the tep of the crests spills 
meer the front of tho wave. This spilling occurs over a compara- 


tively long period,-2nd henee the energy is dissipated over a wide 


mrt zonc. 


(1) R. R. Minikin, Winds, Weves and Maritine Structures, 


London, Charles Griffin and Company, Limited, 
1950, Pp. 26, 


NL 














Slope of bottom 





Memeure 6. Profile of a spilling wave. 


A plunging type of wave builds up on a beach with a 
~ioderate Slope. ‘. continucs to heve - convex back suriece ana 
an increasingly more coneave front face until the weave breaks 
“nd plunges eed Weves of this character are very Gangerous 
meme craft approaching tic beach and make a return to the ship 


meer. vie beach a difficult job. 





Meee e 7, Profile of a plun ing weve. 
When a beach is steep the wave docsn't change its 


shape appreciably until it breaks,anc then tne wave surges 


Megently up the “cach. The energy in this type of weve is cx- 


~*~ 


memed in 2 short “cistance end rignt on the shoreline, siaking 
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wees bLype of breaker dangerous to beached craft. 
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Meeure 8. Profile of a surginc weve. 


Breakyotors are constructed to elininate or reduce the 
encrgey from breakin; waves. Gaps must be provided in the break- 
maser for ships to enter an’ Leave the protected area. The waves 
eet cnter these ¢ans are diffracted and reduced in size, The 
amount of diffraction depends upon the relation between the width 
em euie breakwat@ opening sind the wave length, The greater the 
Pelative zap the loss bheweddfiraction. Fizure 9 is a diffreetion 
fmaucern for a peas opening ecual to 2 wave lengths. 

—_—_— 


t Direction of incident wave . 
kel 105 


ee eee 





2 ees 
C k!=O.4 
Sey 
x/L 4 kone 
= biffracted wave height 
Incident wave height 
: i | i | | 
O 4 8 12 16 20 


Figure- 9. Diffraction of a wave enterins a gap in a breakwater. 
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CHAPTER ILI 
MOBILE BREANWATGRS USED AT NORMANDY 


Ute Majer atvemee to reduce the effects of waves 


Muring amphibious landings was made at the Allicd landings At 






| 
Normandy euaemae World War II. <A study of that case shews Whe pees— 


Meme Need for mob’..2 wave protection ond furnishes inforzation on 


cr 


Meeetoas that have *occon tried to solve the protection problen. 


To reconguer Burope it becane necessary for the Allie? 


meorces to lend in western Europe, The Axis powers knew this and 
| 

meeavity defended tie vorts of Le Havre and Cherbourg, convinced 

Meret the invading forces would have to recapture tnuen if they were 
to mame Cnougn naterinl to support the invasion. The allies realized 
Weer «these ports woul. be extronely heavily fortified and that the 
meesualties would <c severe if the invasion took place at these 
memes, ilhnis was confirued by the casualties thet were suffered 

) s ‘ 


M@uring the Allied raid on Dieppe; therefore, plans were made for 


mec lancings on tme beaches of Normendy, 





The Weee@ees presented 2 difficult problem in landing 
Mmpodies. The slonve of the beach was approximately 1:100 and the 
fronge of tide was 22 feet. The waterline shifted back and forth 
Mumm@eeriy 1/2 a 1..13 during cach tidal poriod. he beacnes addi- 
Memonalily were exposed to tne waves that built up in the English 


@Mnannel, 


20 





fo overcone “the obstacle of the flat beach a per 















Meeedesiencda, the invocrd end of wiien floated es the tide came in 


J 


Mee restcd on the betton as the tide receded. The pontoons for 
mee prcr were nade of stcel in tne aren whore they would be 


niternately fileabine and restine om the botton, “Pie poncoonsme: 
| 
See sCaward end, tint would always be afloat, were made of reinforecd 


sonerete in order to save stecl., The picrheads were designed with 
Bucs 2S hoorings since lines to anchors would have gotten in the 


way Of the ships using the picr.As the cepth of weter changed with 


/ 


she tide, the picrheads were jacked up or down so that they would 
Mero ule Sane clovation as the pier and the ship. nese piers 
fowea heavy tank. anc suns to. be unlonded and moved ashore at up 
to 25 miles per hcur. The picr was tested in the spring of 1943 


vd was found to be satisfactorv. 


The nier was designed to be used on the open beachy 
mewever, the ships c-uld not ride alongside the piers in bad 


@eeoner. Meany devices were investigated to see if calm water 


One of these known to us as bubbles was reported 
to have been successfully used meny years ago, and it 
consisted of laying nerforated pipes on the sca bed and 
pumping air through then. The mass of rising bubbles 
bursting at the surface was supposed to subdue the turb- 
Ment sea. It might have worked if we could have covered 
the sea bed with sufficient pipes and solved tne problen 
of setting up the huge compressor plants which would have 
been required for then, (1) 


wt) W. J. Hodge, "The ifulberry Invasion Harbours, Their Design, 
Meeparation, wad Instcliction", Tho Structural Encincer, 
Vol. 24, 1946, London, ». 129. 





cals 





stwe plans for the invasion becane firaer, the risk of bad weather 


meee beaches, with tre inability to land the 12,000 tons of 





Meeeertal daily to support the landing forces, becane unacceptable. 
Mee decision was made to build two artificial ports, code nanes, 


‘“ulberry" A and B for the Anerican and British forces respectively. 
| 


@ee requirements tor these vorts as laid down by tne Chicfs of 


‘Staff were: 


Gwo “orbours, one for British and one for Anerageaa, 
Sheltered wuter to be provided by D¢l4, and the harbours 
me, be larecc enough to cevelop daily discharge cnapacitics 
as follows: 





nerican British 
Tons stores Vehicles Tons stores Vehicles 
De & L200 ates 1800 -- 
D+ 8 3200 1250 4.000 1250 
D+ 14 5000 1250 7000 1250 


The harbours were to five sheltercd weter for 90 days in 
winds up te Force 6 (22-27 knots) at all states of the 
tide, to encdle ships ct anchor or alongside to discharge 
into landing craft, and to allow small craft to operate 
between shins and beaches 





The: were to be large enough to give sea-roon at 
all states of the tidc- 


For 8 liberty ships in Mulberry B and 7 in 
Mulberry A to take up end leave their moorings: 


For about 20 coasters in Band 15 in A to pro- 
ceed alongside or leave the piers or to anchors 


For tugs to manoeuvre with "out of control" 
Sia V3.1 SS 


t, and to Give sh3slveE 
1,000 obh2r sncoll Cras 
beaches outside tne 


For ~<>out 400 nixed c 
@iie: .> storas for abou 
normc.liv working on t 
harbours. (1) 





(1) Ibid, p. 144, 
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In fulfillinz these weauirenents it wosede@ided tiat 
eee breakwater woud heve to withstand a design wave of a height 
@e Oo fect and a lo-vzth of 120 feet and would have to be durable 
meme GO last for at least tnrrec nonths, 

One tyne of protection studied was the fleamme 
DPreakwater. The principle of this breakwater was based on the fact 
me snort period vibrations do not disturb a systen witn a long 
mertod of resonance. The idea was to construct a floating vbreak- 
@eper with a longs niturel period compared to the period of the 


woves that were likely to be encountered, This breakwater if 


Merity anchored in place woulc reflect the waves and provide the 





nocessary sheltered water. 

A i¥eetine breakwater, code nase Lilog made of four 
‘eoncentric canvas bags in the forn of a sausage and ballasted was 
meet and tested, Its nain fault was thit it was too vulnerable. 
A steel floating *“i12akwetor, "Bombeardon", was then constructad. 


(See figure 10). 





Pigure 10. Unit of a Bombardon floating breakwater. 


Lechner, Faber and Penney, "Bombardon 
Floating Breakwater", Ties Civil Engineer in War 
Vol. 25 De 

oS 
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he Bozrocrdons were to be towed in andcen and noored 





between fixed mooring; buoys with 50 foot spacing betweon units. 


Seeocptl of the unit wes such that the orbit of the particle of 





bhe wave at the bottom of the barrier was only 30% of the height 







| 


ef the wave at the surfaces donsequontly the energy passing under 
‘the breakwater was only 10% of the original wave energy. The 
Seiiraity decided that the Bonbardons should provide part of the 
Beotection required. One of the units was tested off the coast 
of England on Apri’. 1 and 2, 1944+ and reduced a wave that was 170 
mmet long from a .cisht of 8 fect toa height of 2 feet. (1) 

Another: method suzgestead was the sinking of ships to 
Seon a breakwater. This scheme had the advantage of speed,as the 
‘ships could stean into the areca under their own power and then 
Beuttic themselves in position. The ships had a height of approxi- 
mately 30 foot, and with a tidal range of 22 feet they could only be 
used where the water was very shallow, or they would be overtopped 
@uring high tides. It was decided to use them where they could 
Mive early protection to the landins craft. 
At the Quehee Conference in August 1943 it was decided 
f> use conerecte caissons, "Phocnixes", for the bulk of the protec- 
sicn at the harbors. Forty-three different designs for the caissons 
were studicd. A simple design was finally selected as there was 
aly about seven wontns available to complete the 147 units required 
(to be ready by D-Day. Several sizes of the caissons were constructed 


(1) Robert Lochns.:, Oscar Fabor, end Willian G. Penney, "Bonbardon 
m@iogting Bre ‘water", Tho Civil Bncinecr in War, Volw 2, 


Mietatute of Civil Engincors, London, 1948, p. 268. 
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me to the varyin; depths of the water in the designated location 


# the breakwater, The tynes built cre listed in table 3. 





Number Breadth Displace- 
Made Bement Lonzth op Weer. nent. fons Draft 
iG Stan iG Ulivi al 
80 60 204 56 3 604-4 20 p 
ile: c0 204, 56 3 4773 16 
31 LO 203 6 Wy 3275 14 0 
ou 35 2GEnG a 2861 12 9 
17 3.) 203 6 32 24.20 14 3 
10 Ob 174 3 27 9 1672 13 0 
30 69 204 62 7700 2 
10 Lo 203 6 Lily 3321 14 4 


able 3. The numer and ditiensions of Phaonix units constructed, 
Fron: W, J. Hodge, Structural Engineer, p. 153. 


mency-Six of thesecaissons, including all of the Ax and Bx types, 
mre built eer to stroengtncen the breakwater and to prepare Tuer 
4s2 auring the winter. 

In tho construction of the caissons the following 
suontitics of material were uscd: 


542,000 yds of eonercte made fron: 
2oeewoo yas of sand 
473,00. yds of agcregnte 
170,400 tons of ccrient 
49,170 tons of reinforcing steel 


These sigures do not include the imiense anount of 
Pecavation, concrete, brick, stecl, timber and other 
materials rocuired for making and lining the basins, 
the fornation 2f teunorary cams enc basin exits, the 
construction of building berths, slipways, scaffold- 
ing, etc,, 112 of which, with the necessary labour, had 
BO pe foun., tvansported and fabricated in 2 tine of 
unpreeedentec. shortage, and the floating structures 
completed in six months. (2) 





1) Cyril Raynond Janes Wood, "Phoenix", The Civil Engineer in War 
Vol. 2, Institute of Civil Engincers, London, 1948, p. 356. 
20) 
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The costs of the units went as high as 30 pounds per 
ton, 1) Usang 30 -ounds/ton as the cost, the averaze cosu/inieaL 
foot was 712 pouncs/fosrt or 52,850/foot ct the 1944 exchange rate. 

On D-Day, Juno 6, 1944, the ports began to take shape. 
line Dblockships steamed into. location, and with the help of tugs, 
Mosttionea themseives and wore scuttled. The Bombardons were pro- 
viding Sorc sheltor »y DE2. By D6 two miles of Bombardons were 
in meace, Lhe plocin:s of the Phoenix units was handicapped by the 


| 
Serb. lity of towing tugs. The actual placing of a unit after it 













had Mee bDrouzht ints the harbor by an ocean tug took only about 9® 
minutes of which about 16 ninvtes were all that were required for 
she actual Sinking of the ccisson, 

On@iune 18 a storm, thrt was unprecetented for that 
mine of feoer, birekcgonc I=sted three dayse The wind blew at “gale 
force eibarving in from the NW and shifting around to the NNB. The 
meves built up to a height of 15 feet and a Llencth of over 300 fect. 
The Meera FuUined tie Ancriccn harbor at Saint Laurent. Tne Phoenixes 
an the NW part of the harbor were not yet in place and, therefore, 
#he piers were so badly danaged by the storn that it was decided 
uot to rebuild then, The breakwater was finished after the storn, 
Bad the beach was usec thereafter for the landing of small craft. 
The British harbor 1% Arronanches was more protected. It was badly 
dJanaged also, but w.s repairable. 

During the early days of the invasion the Bombardons 


m=) OD. H. Little, "Discussion 7n Mulberry Components", Civil 
Engineer in War, Vol. 2 Institute of Civil Engincers, 
Lo 


ndon 1948, p. 442. 
26 
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mea blockships provided caln water for the hundreds of craft in the 
andings, The Bornbardons withstood winds up to foree 5 and 6 and 
reduced the wave heights by 50% and wave energies by 75%. The 
Esobardons withstood the storm for 19 hours before they were finally 
tora loose from their positions by weves which created stresses in 
tne mooring system more than 8 tines that created by the design 
wave. (1) When the Bombardons did break loose they cid a great deal 
of damage to the port as they were tossed around in the harbor by 
the waves, 

The blockships and caissons also suffered heavily 
suring the storm. The scouring action of the waves took away the 
supports unter both ends of the ships and units until the cantilever 
mecion was too great and their backs broke, This was cspecially 
true at Saint Laurent where the bottom was softer. 

The breakwaters wore completed end reinforced with 
meer CaiSsons where needed. The harbors did serve their purpose 
oll, mesure 11 is a plan view of the harbor at Arromanches on 

71. As a natter of interest some of the caissons were raised 
after the war and used for port construction in other places. amd 
S22 were used to close the dikes in the Netherlands after the big 
Feorn and flood of 1953. 

| There are decided linitations and disadvantages to 
both of the fabricated types of breakwaters used at Normandy. During 


wie invasion studied, the bases for operstion were coiuparatively 


me )6CLochner, Faber and Penny. p, 270. 
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slose to the invesion beaches. Hence the problen of towing the 
units, although it did delay the cstablishient of protection, was 
mec Critical. A decision was made to use caissons for the invasion 
of Japan also. This, of courge, was not inplonented, but it is 
easily seen whet a huse towing effort would have been required. 
Both of tnese types of breakwaters were extrencly expensive in 
Mabor, Beueriols, end butiding sites, all of whieh are dn shere 
supply turing periods of war. Additionally, the depth of water is 
@tinit to the location of the Phocnix,as it would be inpractical 
mo construct one for use in water nuch deeper than the water at 
meen tide at Normandy. The Bombardon is linited to a Location 
stiere the botton offers a firn anchorage, 

The engineers responsible for the harbors at St. 
Laurent and Arromanches did a renarkable job in tackling and solv- 
ing the problem of wave protection in such a short tine. The above 
Statenents on the linitations of the Phocnixes and Bombardons are 
meerricanG to detract fron the fact thet they dic serve their 


Surpose well. 
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CHAPTER IV 
HISTORY, THHORY, AND RESULTS OF PNEUMATIC BRHAKWATERS 















The history of the pneumatic breakwater is compacted 
nto a little nore than a half century. In 1902 the Parkway Anuse- 
nt Company built a $125,000 jetty at Brighton Beach, New York, to 
rrotect 1GS Waterfront property. Shortly after it head been conpletcc 
_ storm battered and destroyed $10,000 worth of it. Philip Brasher, 
no was enployed by the company, realized the risk in rebuilding the 
etty and sousht a more permanent and less costly solution to the 
Toblenm of wave protection, 

Having played football and worked as a cowboy, he knew 
hat a fullback or a steer could be casily brought to the ground 
een 2 Dininui: of cnergy by tripping or tackling hin close to the 
meurd. The tn sught cane to hin that possibly wave motion could 

Meo DC Stovped, while it was still ine decp water stage, by the use 
@ecompressed air. The rising air from a perforated pipe on the ; 
 otton would intersect the wave notion, changing the direction of 

he particles in their orbits to the extent that the wave would lose 
ontinuity and collapse. (1) 

Brasher was unable to solve the theory behind the 
Mecnatic breakwater and entered Princcton University in search of 
e additional knowledge necessary. The Dean of Engincering helped 


“4 in many ways, and cxpcrinents were conducted in the University 


1) Robert G, Skerrett, "Smashing Angry Seas with Bubbles of Con- 
pressed Air", Compressed Air Magazine, January, 1921, dD. 9923. 
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swinning pollg “ne theory of the breakwater still cEwded Ramweuc 


: 
Ae had made enough tests to apply for and receive a basic patent 



















ma the idea, 

Mr. Brasher enployed the breakwater on neny occasions, 
m_ Jest recent one being in 1929. <A couple of his installations 
mec especially interesting. The U.S.5. Yankee ran aground ina 
1eavy fog upon the rockson Hens and Chickens Reef near Cuttyhunk, 
fassachusetts. fhe salvage of the Yankee was hampered by the 
inogcd position of her grounding, and the waves kept grinding her 
pore and more on the rocks. Brasher proposed a pneumatic breakwatecs 
59 reduce the cffect of the scas during the salvage operations. 
wae installation was mede with the air being supplied by the 
fenkee's own air compressors. The breakwater was very helpful in 
seducing the wave action on the ship. The publicity for the break~ 
@euer did not naterialize, however, as the Yankee later sank while 
Ging towed into port. (1) 
| In 1915 Brasher pnlaced 2. pneunatic breakwater to pro- 
sect a 2100 foot pier at El Segundo, California. The picr had 
yriginally been 4100 feet long, but a storm five years previously 
lad ruined the outboard 2000 feet of it. Figure 12 is a sketch of 
ne installation at Bl Segundo, 
| In January 1916 shortly after the breakwater had been 
m@eesned,a storm, similar to the one that had previcusiy destroyed 


“he outboard end of the pier, reged for 23 hours while the break- 


‘1) ibid, p. 9924. 
2m 





water was 2perating. The breakwater sufficed to reduce the energy 


of the waves, and no damage was done to the pier. 
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Igure 12. The Breakwater Instoliction at El Segundo 


From Compressed Air Magazine, January, 


Unfortunately, Mr. Brasher was wuable to obtain 
@uentitative cata on the wave length and on the reduction of wave 
height, this information would have been helpful in later analysis 
Fe: the breakwaters. He did gather affidavits from witnesses stat- 
ing in a qualitative way the effectiveness of the particular 
installation. 

Although Mr. Brasher's concept as to the operation of 
MPcunatic breakwaters has not been corplotcly suvst-ntiated, 
Sredit must be ziven to hin for his coneeption of the idea and the 
mermuanus that his breakwaters have given the world in adding to the 


knowledge on the subject. 


Se 











No other installations or tests were made on the break- 
water until 1°24 when the English Adniralty Experiment Works ¢.x.- 
ducted model tests with waves 5 to 40 fect long and 6 inches his. 
The studies showed that the method apparently did accelerate the 
breaking of the waves put did not elaborate on how this night be 
done. <1) The report concluded that the breakwater would be 
effective in exposed shallow coastal waters. (2) 

The Central Scientific Research Institute for Water 
Tvansport, Leningrad conducted tests on the pneumatic breakwater 
curing the 1930's. These tests were conducted with waves 17 - 20 
co. high, with an L/H ratio from 7 - 10 and a depth of water of 2.4 
meters. The reported reduction was 70-100%. (3) It must be noted 
tnat these waves are close to the steepness ratio of 1/7 when weaves 
tneoretically break with no outside assistance; additionally, the 
depth of water during these tests was such that the ratio of wave 
ength to water depth was 0.5. For similar conditions in practice 
the depth of water would have to be 200 fect to stop a wave of 1°99 


feet wave length. This is inpractical. 


(1) J. T. Evans, "Pneumatic and Sinilar Breakwaters", Proceedin-s 
of the Royal Society, Vol. 231A, London, 1955, p. 458, fron 
M. DO, Payne, Admiralty Experinent Works, No. 17/1925. 


(2) J, 2. Evans, Proceedings of The Royal Society, p. 458. 


c) Wal ser densen, "Model Tests with Pneumatic Breakwaters", 
Doc z:_and Harbour Authority, June, 1955, London, p. 60. 
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J. The Thijese of Delft experinented jn 2986 witheehic 















Beemmatic Dreakwatcr. His cxperinents contributed greatly to the 
merenec Of knowlcdre. He vnroposed th-:t the feature of the break- 
meeee that actually calned the water was not the air itsclf but the 
Water currents that were sct in notion by the air. (1) The water 
Meemetts Tise vertically as in an air lift punp and then spread 

out horizontallv when they reach the surface. He concluded that 

mec VOlume of air required to produce any results would have to be 
very great, 

J. B. Schijf wrote in 1940 of his nodcl experinents 

on the pnowietic breakwater. (2) He expressed a relationship be- 
tweea the quantity of air required for wave reduction and the length 
mee ccizht of waves, by means of a dinensionless term. The quantitics 
of air that he estimated would be needed to stop waves, were several 
nunc.2ed Giees sreater than the actual volumes of air used in Gam 
Meee installations. He concluded that there must be a scale 
coefficient between models and actual practice that had not yet 

pecn discovered. (3) 

In 1942 P. J. Unna studicd the effect of the tidal 


marrents on ocean waves at their intersections. Unnca showed the 


@) Evans, Royal Society, p. 458. 


jm J 8B. Schijf, "Het vornictigon van golfen door het inspuiten 
| van lucht (Pnewistische golfbrekers)", De Ingeniour, 1940. 


3) Menscn, p. 60. 
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relationship es follows: 


Ly ‘. Lo 
Cy Co Cr-C, 








where GC, is the velocity of the tidal current mecting a wave, Lo 
fis the wave length due to the new conditions of wave form, and Cp 


is the velocity of the wave relative to the current, 























oe > 86h tea 
O71 L 
Cy =Cyr - CQ * the velocity of the wave relative to the ground. 
(Dy ase Le 
Cy Cy-C, 
B- ott 
meee 6 CCS COC cotanh 274 
ES ee Bok Lo 
i re 
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CG 
| ~“O 
C eo 
= = | 1 - Cy 
Cy 9 - ie =— 
| O 


When the current velocity is 1/4 the deep water wave 
velocity, Cr = 1/2 Sp = 2 Co, Inesnuch as wave cnergy travels 
Mam deep water at 1/2 the wave velocity the velocity of the energy 
is equal to Ce, and therefore, there can be no transnittal of wave 


| energy relative to the ground. Consequently, a decp enough opposing 


3) 








Surface current with a velocity cqual to one-fourth the wave 
volocity is a 100% effective breakwater, Unna also stated that an 
merpoOsing surface current would shorten the wave length and increase 
the wave lcight giving the waves nore of a tendency to break. (1) 
Sir Geoffrey Taylor studied the pneumatic breakwater 
‘for the British Admiralty in 1942 fron a theoretical viewpoint. 
mupmeraeved, os did Thijsse, that the sole purpose of the conpressec 
air bubbles was to create the vertical water currents, and conse~ 
quently, the horizontal ones, which were ultimately responsible 
moor the reduction of the waves, 
Taylor's work showed thet there was,for any given 
menoeity and depth of surface water currents, a critical wave 
‘length. All waves shorter than this wave length would be stopped 
Mey the surface currents. The critical velocity can be found for 


Bwo cases. Caselis for a current that has a uniform velocity to a 





|depth h, Velocity of current —- U 
depch of | depth of current - h 
water-d | a 


ee a ew ee ee 


| Figure 13, Cease 1 ~ Taylor 


(1) P. J. Unna, "Waves and Tidal Strears", Nature, Vol. 149, 
February 21, 1942, London, p. 219. 
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For a wave with a length L = 24{/k and a frequency = g/27 the 


eritical. wave length is a function of three paraneters: 


ie eUL Gj =e Los hg 
T Ug ue 


where U is the velocity of the horizontal current, g is the 
acceleration cue to gravity, and h is the depth of horizontal 


current. Firsure 14 shows the relationship between the paraneters. 





"Teer4 Sec Gas #4 «OF 0.6 6.3 


LOgi9 (-Y) 
meme 1), Lines of Constant Z for Case l, 


G. J, daylor,. Action of Surface Current 
Used as 8 Broamwatem', Procecdsmps of the Royal 
706 


Bocicty, London, Vol. 23iA,5. p. 


it is to be noted that there is a mininun value of -QO, Am ; 
for any value of Z tacrefore no wave with a frequency greater than 


g/e7n = —- —8 can be propagated against the current. In deep 
amet 
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wager the wave lengtn of this critical wave can be found fron the 


c2 = gL C = pT =g = ¢ 
TT 21g or 
2 


Nh 
=i 


— ga - =e = Se = 21 UGAne 
a g 


— 
US &, 2 
fo deternine the velocity of surface currents necessary to stop a 
meme Of 2 svecified longth, L,, the cquation for the critical wave 


Lone-th can be trensformed tos 

ee a 

27h en 
tae relationship between o&, and O,°/2 is shown in Figure 14 but is 
10% e readily seen when plotted as in Figure 15. 


| Nl l | 16 


A- Uniform current — case 1 
B- Decreasing current—-case 2 
120 — pee 
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G, f, Teybor, "etion of SuriacerCurrent 
Usod as a Breakwater", Froccedi nes of the Royal 
Society, London, Vol. 2314, p. *72. 
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ve ms . 2 
The value 0f Am/Z can be found Imowing Lp and h. Snowing Om/2Z5,-Am 


is found fro: Figure 15, and the current necessary to stop the weve 


UU = 28 } g Ly 
Hen ere 


Case2 is for a current that decreases linearly with depth. ( Figure 16.) 


is 


This case was studied after Mr. J. T. Evans hed shown in 1955 that 
the surface currents followed this pattern rether than Taylor's 
sriginal assumption, Case l. 


Velocity of current - U 


0. / 


Figure 15. Case 2 - Taylor, 


‘For case 2 the pranctcrs and equations are the sane 
ps for Case i, but the relationship between the pararicters (Sec 
Figure 17) is different. When Y is snall the graphs are accurate 
enough for the determination of (A ,, and 42 § however, as-¥ in- 
Breeases it is increasingly difficult to find then graphically and 
the following table becones helpful. 


Asynmptotic fornulae valid for large valucs of ~YX 


Uniiieormacur rent Current decreasing with depth 
et 3/2Y. 3/2¥ 
Z 3/uxt 9/4x+ 
A = 3/ ye y2 


ng ay 








Mae 2435 22 ee OO 
Y 


eieure 17. Lines of Constant Z for Case 2. 


Fron G., I. Taylor™"Action of Surface 

Current Used as a Breakwater", Proceedings of 

the Royal Society, London, Vol. 231A, p. 474. 

Taylor also studiec. the surface currents that could 
be generated by compressed air being released under water. dHe 
reasoned that if the weight of the air bubbles is neglected in 
coOupariscn to the weight of the water they displace, the air 
gives to the water the sane buoyancy that a rise in temperature 
meres to 2ir. Currents above a jince source of heat were worked 
meaeby W. Schnuidt. (1) He showed that the heat spread out 


linearly as in a wedge. The half angle of the wedge is arctan 


eerste geen en nee Se RSRENEE Span SUnAESURESEyESCamnamesoiD 


me Schnidt, We, Z Angew Math. Mech. Vol. 21, p. 265. 
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0,28, and the vertical rise is proportional to the cube root of 
the heat supplicd. Taylor's annlogy to the rise of currents due 


so the release of air in water showed W # 1.9 (Qg)1/3. T? + Ws 


Meweeuned that there is no loss of energy, the horizontal currents 
produced would have a velocity of 1.9 (Qg)1/3 and a depth of 
Byece. (1) 

In the early cays of WWII the severe range in the Port 
of Madras made berths in the port untenable for two or three days 
at a stretch, This was very unfortunate as the rapid turn around 
Of ships was vital due to the Allied shortage of shipping. It 
was decided to try 2 pneumatic breakwater across the entrance to 
_the boat basin. The entrance was 80! wide and 20! deep. The 
| arreangenent consisted of a 3" pipe,anenoredc on the botton, with 
| 1/2" dianeter holes spaced evory 6", Air was supplied by a con- 
pressor with <« capacity of 300-400 cf. 

The breakwater was successful in damping short waves, 
: but the results with waves due to cyclonic storms were inconclu- 
meave. 1t was decided not to repeat the experinent at the nain 
entrance to the harbor where the width was 400! and the depth 
of water was 33',as the necessary covipressor would have been too 
: expensive. (2) 

In 1949 the Bureau of Yards and Docks, U. S. Navy, 


@ontractec with the Hydrodynanics Laboratories of the California 


mo) Taylor, p. +78, 


(2) P. R. Robinson, for Rendel, Palmer, and Triton Enginecrs, 
Metter to the author, Maren Sng LID 7 « 
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Institute of Technology for the study of the mechanism of wave 

reduction by a pneumatic breakwater. 

De leech rT? or “Srantord Universi wae ds! a 
consultant of the Laboratories, made an analytical study of wave 
reflection due to the aerated zone created by the pneumatic break- 
meeper. (1) Schiff found that even with a large volume of air 
released the chonge in wave velocity was only about two percent. 
marther, he showed that if it were possible to maintain the aeratec 
zone for the width of one-half wave length the height of the wave 
feud be reduced only by one-half of one percent. Furthermore, 
only 2 1/2% of this reduction is due to the compressibility of the 
bukbies, the rest being attributed to a change in density. If the 
volume of air used in this one-half wave length wide zone was split 
up into ten zones, one-half wave length apart, the wave amplitude 
would be Jecreased by 27%, a promising figure, however, if the 
wave length changed slightly the spacing of the zones would be 
wrong for the new length. as the tolerance in the spacing of a ten 
zone breakwater is = 1% the scheme is impractical. (2) 

Mm. Marvin Gimprich of Stevens Institute of Technology 
mar compnection with Schiff, extended the work of Taylor to include 
Shallow water waves. Their results showed that, inasmuch as the 
(1) L. I. Schiff, Air Bubble Breakwater, Report No. N-74, 1, 

Hydrodynamics Laboratories, California Institute of Tech- 
nology, Pasadena, California, 1949, 

(2) John H. Carr, Mobile Broakwater Studies, Report No. N-64~2 
Hydrodynamics Laboratories, California Institute of Tech- 
melogy, Pasadena, California, 1950, p. 21. 
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orbits cf <hose waves extend all the way to the water botton, the 


surcace currents would have less effect on then than on the deeper 


Dr, John H, Carr, of the Hydrodynanics Laboratories, 


‘conducted model studies of the pneunatic breakwatcr in order to 





study the effects of the breakwater. Carr studied the effect 
on the damping of waves of the relationship between the wave 
length and the depth of water anc the effect of varying the amount 


@ air enittcd. Figure 18 shows the results of the study. 
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Figure 18. The effect of the depth of water and varying the 
anount of air enittec on wave dampening. 


Dr. John H. Carr -Mobile Breakwater. 
Sumgdies . PP, 236 


Mac effectiveness of the breakwater dropped rapidly as the relative 


depth of water shifted from deep water to shallower water, there- 
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fore, if the breakwater ds to be successful it nust be placed in 
water which is at least as deep as 1/3 the length of the 
@esign wave, ond ceeper if possitle, 

Tests were made confirning Taylor's work on the 
velocity of surface currents (Figure 19.) The tests show that 
Smesincercase of the velocity of the surface currents, with an 
mm@measin? volune of air, is approxinately proportional to the 
mepe Toot of the ratio of the volumes of air enitted, as predicted 
be Taylor. 


Horizontal distance from air pipe 
18! a4 Ban 





0 O06" yon 48" 
net 5 / , 
3 e a Q = 6 crm 
5 / / ft/min 
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Figure 19. The variation of current with depth and displacement. 
Dr. John H. Carr ‘Mobile Breakwater 
mbudies . Pec. 

An investigation was made of the effect of replacing 
the air pipe with water jets. The results obtained with the water 
jyetswere very nearly equal to thos obtained with the air pipes. 

Carr concluded that the breakwater would be effective 
i* the ratio of L/d is less then 3. For ocean waves with periods 
of 10-15 seconds (length 512-1152'), the I/d ratio in 50' of water 
would be 1O or greater, and thereforg the pneumatic breakwater is 
mot a promising method of wave Beductione (1) 


me) Carr, p. 26. Ly 





Im the fall of 1952, Mr. A. H. Lewrie constructed a 
pneunatic breakwater in the harbor of Dover, England. This 
Meeakwoater was to protect the inner gate of a train ferry dock 
fron waves while the outer gate was renoved for overhaul. The 
breakwater consistec of four parallel pipes resting on the botton 
across the dock entrance. (It was found that one pine would have 
been sufficient to have done the job.) The breakwater was used 
Mm 22 occasions curing the three months it was needed. The dock 
was usable during the entire period. On 5 or 6 occasions the 
waves were of such nature that the dock could not have been used 
without the breakwater. (1) 

The installation at Dover stinulated the English Dock 
ani Inland Waterway Research Station, Mr. J. T. Evans directing, 
to investigate the conditions uncer which the pneumatic break- 
water could be economically used in practice. Model studies were 
conducted in a wave tank that was 4' deep, 4! wide, and 62' long 
@eing 2 normal depth of weter of 3'. 

Evans experinented using a perforated pipe end a 
porcelain filter. The pipe had 150 holes of 11/16" dianeter in 
the 4! long section, and the filter had thousands of microscopic 
Moles. The difference in the diancter of the air bubbles could 
not be visually noted, and the surface currents differed. by less 
than 10%, 


om) J.T. Evans, "Pnounatic and Similar Breakwaters", Dock 
and Harbour Authority, December, 1955, London, p. 251. 
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in@emueh as the ony function of Wie air 1s to creete 
Mee water currents, Evans experimented by replacing the air pipe 
With water jicts. Where Carr placed his water jets on tne botton 
Beanting upwards, Evans placec his jets one foot below the surface 
meereen inclination upwards of about 12°, It was found that the 
See could nateh,in effect, the currents created by the air pipe. 
mee Cach natched condition, the power supplied to the compressor 
motor was approximately the same as the power supplied to the 
mip notocr, 


The water in the lee of the jet breakwater was found 










mo De compictely caln, while the water behind the pneumetic break- 
Water always hed a residual disturbance due to the half of the 
Weercical current that flows in the direction of the weve motion. 
@memerore, it appears that it would be better to forget the 
pnevnatic oreakwater and to develop the water jet breakwater, 
Sere tically that may be correct. Practically, however, the 
preblei of nooring the water pipe in place to resist the thrust 
of the jeis rules out its use. With the pneunatic breakwater the 


t 


Mrust is neglisible. 





: Evans continued his experinents using the water jet 
brcakwater as the effects were similar, and he had nore power 

Be iabic with the jets, 

The velocity of the surface currents required to stop a 
wave mee found to be a fumetion of the length and height of the 


Wave, the depth of water, and the thiclmess of the horizontal 


currents, 
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Figure 20 shows the relationship between the stopping 
Peeoccity of the horizontal current and the ratio of the wave 


meacth to the deptheof water, 







en) 
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Full lines; experimental; 
water 5! Cceep 

Broken lines: estimated 
deep Water 
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L/d 1 2 3 4 


L 2 “e 6 8 LO 12 
Fizure 20, The effect of wavo lenztn on stopping velocity. 
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— 
— 
see 
= 
—-s= 
= 
= 
<= 
— 


O 


J. I. Bvans, "Dock and Harbour 
Abo Decenber, > De, De 2oen 
Table 4 shows the sane information, for deep water 
waves only, and also the horsepower required for complete caln- 


ung of the waves. 


\ 


Height Stoppins velocity of . Horsepower contained 

Length horizontal surface current in SppoSins cUmpene 
L/10 thick, in deep water. of thiclkness L/10 to 

Ratio Meen veloeiu, ommeurrent calm waves completely 
feet/second at position of Horscpower/lineal foot 
naxinun velocity reached in of wave crest. 
Gs COUrSC 

0.01 u = 0.50 LIv2 0.29 L205 x 10-44 

0.03 U = 0,62 1/2 0.55 Lee) x 107+ 

0.05 u © Yoreenye Oncor Le > tego 

0.07 Um 0,830n72 1,31 Le) x 107+ 


Table 4+. The effect of wave length on stopping velocity and power. 
J. T. Evans, Dock and Harbour 


duthority , Decenber, 1955, pe253-4. 
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It was shown by Carr that the power required to calm 
waves increases with the ratio of L/d when the ratio exceeds 2.0, 
Table 5 gives the increase in horsepower required for wave reductio. 


as the deep water requirements are modified by shallower water, 


Tength Factor giving stopving horsepower in shallow 
Depth water. Surface current L/10 thick. 
Ratio H/L Ome Ago OO 
2 or less dae dig’O 1 
a) LO gel: jee 
8.0 ie LG oa 
oD 16 ay 3 S30) 
4.0 2.4 364 LO 


Table 5. The effect of the ratio of L/@ on the stopping horsepo:-e:. 
J. IT. Evans, Dock and Harbour 
Authority, December,1955, De 254, 

As shown on page 16 the energy in a wave is propor- 
meo@al to the square of the wave height; therefore, if the Height 
can be reduced 50% the transmitted energy will be only 25% of the 
origina. wave energy. In many applications complete calming of 
waves is not necessary or possible with the equipment available, 
Table 6 shows the horsepower required for partial calming of the 
Waves as a percentage of the horsepower necessary for complete 
annihilation of the waves. Note that with steep waves it is 


possible to take away 3/4 of the energy in the wave with only 1/4 


of the power necessary for complete wave reduction. 
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Heicht Horsepower required to lower waves to heights shown, 


Len :th expressed as percentages of the horsepower required 
to stop the waves conpnletcly. 
Matis Surface current L/10 thick 
Residual height of wave as fraction of initial height 
0 1/4 72 3/4 
Residual wave cnersy as fraction of initial energy 
O 1/16 1/4 9/16 
e.cl LOO 86 72 37 
0.03 100 64, ne 20 
0.05 100 48 30 13 
0.07 100 42 23 1O 


Table 6. The effect of particl reduction on the power required. 


dy T. Evams, Doek and Harbour 
Authority, December, 1955, pe 25h, 


The relationship between the power in the surface 








Current anc the reduction in wave nower due to the current varies 
Meth the H/L of the weve and the anount of wave reduction. With 

an P7L Yretio greater than 0.04 and with ace reduction of Gace 
Mees, Oro cnergy is dissipated in the wave than is contained in 

ic suvface currents however, the horesepower required to produce 
mec Surfac2 current is approximately seven tines the horsepower in 
the current. No evidence was found that the reduction in wave 


energy was more than the applied energy. Table 7 shows the results 


a Ghis study. 
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eight Reduction in wave horsepower, expressea as % of the 
Length horsepower in the opposing current, 
Surface current L/10 thick; deep water condition 


Residual height of wave as fraction of initial height 








0 1/4 1/2 3/74 
(tt 5 6 6 6 
203 26 37 id 5” 
205 L6 87 anit. 153 
07 62 139 193 273 


fable 7. The reduction of the horsepower in a wave vs. the horse- 
power in the surface current, 


J. T. Evans, Dock and Harbour 
Authority, December, 1955, pe 255. 
Evans experinented with jets at various positions and 
Wmained currents of different thicknesses. The stopping velocity 
£ the opposing current and the horsepower in the current chanced 
ponsiderably with the different depths as shown in Table 8, 
mecmmess of surface 


murrent as % and as 
raction of wave 


Stopping velocity as 


Relative values of 
% of Wave velocity 


Stopning horsepowers 
in surface currents 





fe  L/4O 45.5 172 

“ee L/24 34.5 tel 3 

0 L/20 30.0 LOO 

mo 80 LL 26.5 126 

moO.) |OOL/? 25.0 152 

r thicker 

rable 8, The effect of the current thickness on the efficiency of 


a breakwater, 


J. I. Evans, Dock and Harbour 
Authority, December, 1955, p. 255. 
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i; Ys to be noted that a depth of surfaec Current 
scual to L/20 is the most cconomical., In breakwater design, there- 


fore, the depth of current should be regulated to L/20 of the wave 






length. Table 9 shows the energy in weaves of different sizes and 
the power required to stop or reduce “it.. The power required in- 
ereases with the length and the height of the wave, especially in 
'gme case of complete reduction; however, as the energy in the wave 
| puilds Mp tiweh mere rapidlys the benefit to be gaained by the break- 
@ater for cach horsepower invested, is greater with higher and longei: 


WAVGS « 


Wave Wave knergy Horsepower per foot run of wave crest 
Meicth Height ina required in the opposing current to 





, wave produce the following effects. 
Feet Feet Ft-Lbs/ Residual height of wave as % of initial 
, Ft Of (4) height. 
crest 0 25% 50% 75% 
Residual energy as % of initial energy 
O 6% 25% 56% 
1G0 a 800 30 2.6 2s2 sdaggeel. 
5 20,000 OO 4.3 Qu Wee 
150 m5 2,700 8.0 Vo) See 360 
7.5 67,500 25.0 120 75 303 
BOWS §=— 132,300 3760 16.0 8.5 347 
200 6 57,600 Stes 20.0 14.0 6a 
LO 160,000 5.<0 25.0 L530 6m 


Table 9. The energy in certain waves and the horsepower required 
to reduce it, 


J. Tf. Bvaws, Doe Sand Barbour 
Authority, Dewenber, 1955, p. 255. 


me) This column added by author. 
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The type of wave that is encountered in @ range 
@eoblem, such as at Madras, is a very shallow one with possibly 
a height of one foot and a length of thousands of fect. The power 
wired to stop such a wave is very Large, while the energy in the 
Wave is comparatively small, therefore, a pneumatic breakwater is 
Rot an economical means of solving a range problicn, 
| BHvons coneurred with Unna that a surface current with 
a velocity equal to one-quarter the wave velocity and sufficiently 
thick would stop all energy transmissions; however, he added that 
oxperinents have shown that part of the energy in the wave is 
Eeosipated by turbulence anc eddies, at the horizontal interface 


meuween the current and the still water, without the need for the 











mare to be raised to the breaking steepness. (1) 

In 1954, Dr. Otto Linke at the Franzius Institute, 
Manover, Germany, undertook tests with a model pneumatic breakwater 
+ se2 if the breakwater would protect Heligoland Harbor. The 
pests were conducted in a tank that was 112 meters long, 2.20 neters 
wide anc with a depth of water of 1.15-1.17 meters. The tank had 

1 weve-danping beach, and consequently, a test was concluded when 
me seflectcd woves interferred with the test. The tests indicated 


Moc the nost important parameter in determining the effectiveness 


jf the pnewiatic breakwater was the wave steepness. Figure el 


™) Evans, Dock and Harbour Authority, December, 1955, p. 255. 


oe 


Fh 








shows the wave 





Pole tron Once ined With vcriouseyebucs oF 





steepness, 


80 Number Spacing, 
2 Of ra 
20 Mier pressure 3S Ke/em pipes meters 
60 
. ae 
§ 89 oO 5 2 
ee 4 5 0 
a 3 +0 + 5 2.0 
4.) 
geo Holes 1.2mm spaced 
3 at intervals of 
2 15 cm. Pipe dia- 
0 , - 2. : 
= ee on ci a meter AS) aE (Ul 
LO 20 §6S0 49 GO “60 70 60 
Steepness of original wave - H/L 
60 
iS Number Spacing 
Ee? of Lin 
si20 pipes meters 
op 50 
a 3 6 3 
= a 3 i) 
8 : & 3 ae 
eo | i 5 0 
5 ) an 3.0 
clei. eels eee, Peel oop 5 2.0 
0 20 30 40 50 60 %0 80 o 5-0 
; Steepness of original wave -— H/L 
Figure 21, The effect of steepness on wave reduction. 


Walter Hensen, 
penoritgg, June, 1955..p. 950. 


Dock and darbour 


With waves that Hed a steepness (H/L) greater than 


0.06 the wve reduction was relatively large. With wave steepness 


Mess than 0.05 the 


avucnuetion was Dimer. The fact that steeper 


waves break more easily than shallow ones is not unexpected in view 
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ef the fact that, as shown on page 15, waves will break when their 





steepness approaches 1/73 therefore, waves that approach this 
eritical steepness initially will be shortened and heischtened to 
an H/L of 1/7 more easily than shallower waves. 
| Waves that were substantially reduced broke at the 
breakwater and formed surf. Those that did not break were reportec 
to be reduced imiediately behind the breakwater but later to have 
regained their height. his was probably due to the surface 
currents traveling in the same direction as the wave. These 
currents would tend to lengthen and lower the waves, as the opposits 
Surrents shorten and heighten them. When the current dies out, the 
wave length is shortened to comply with the depth of water; con- 
sequently, the wave height is raised to maintain the same wave 
enei zy. 
The experinents showed that the efficiency of the 
Be siewater is controlled by the volume of the vertical water 
meerent. This in turn is controlled prinarily by the volume of air 
enc only secondarily by the size of the bubbles. The vertical 
ever currents increase at first with an increase in air pressure, 
Sut there is a maximum pressure for each water depth. As the 
Mepten of water increases, the effect of increasing air pressure is 
Mercater. (1) 

Laurie, in commenting on the failure of wave; shallowcr 
than 4/L = 0.05 to be reduced in the Franzius tests, points out 


that with <= wove length of 3.9 meters and a depth of water of 1.17 


(1) Henser, p. 59. 54, 








meters the crbdit at the botton of the tank had 1/3 of the motion 
of the orbit at the surface. With an effective barrier going 

mity part way to the botton of the tank, much of the energy of the 
wave passcd under the barrier and showed up on the lee side of the 


breakwater. The size of the orbit, passing immediately under the 





barrier, is tae Gaze of the transmitted wave. (1) 

In this connection Laurie proposed one solution to 

the discrepancy between model studies and full size installations. 
If the air pipe is placed at a depth of 1/2 wave length, its 

depth in a tank might be 1 meters whereas, in an actual installati « 
it might be 20 meters. In the deeper installation the air has a 
monger time to generate water currents and, therefore, is more 
6ificient; consequently, even though both pipes are at a depth of 
1/2 wave length the model is at a great disadvantage, 

| Laurie took the data supplied by the Franzius Insti- 
tute and the data from Bogolepoff's tests and replotted them using 
orbital velocity as an argunent and the volume of air as a parameter. 
See Figure 22.) This plot clearly shows the liniting effect of 
orbital velocity in the Franzius tests, For orbital velocities 

a feet per second, the wave reduction is negligible even 
meor the higher volumes of air used, As the orbital velocity exceeds 
Mhis critical figure, the wave attenuation increases rapidly, If 
it is supposed that a pneumatic breakwater acts as a finite barrier 
in a way not yet explained, it is possible to find the effective 
depth of the barrier by the height of the transmitted wave, 

Pieure 23 is a graph of the amplitude of the orbit at the bottom of 


€1) Lockner, Faber, and Penney, p. 275 showed that the amplitude 
of the transnitted wave is equal to the anplitude of the orbit 
at the bottom of a finite barrier, 
rr? 





the barrier to the surface amplitude, versus the depth of water. 
Superinposed on tnis graph is a2 phot of relative anplitude of the 
transnitted waves recorded in the Franzius test for the various 


volumes of air employed. 










100 
Russian 3.8 cfn/ 
ft/min 
80 
f O 
= 60 + 7.0 cClm/f bye 
3 : {05.3 cfm/ft/mi 
@ 40 |- a 
a Po 5.0.cfm/f£t/m 
wR German 
Zo. |" 
0 i t { age ¢ t 


© ..4 OC: ame i BN io ee 2.4 
Orbital velocity at surface - ft/sec. 


Figure 22, The relationship between orbital velocity and 
wave reduction. 


A. H. Laurie, Dock and Harbour 
st Te June, 1955, p. 62. 
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ly = aloes 
ee = nee 
. re AG. a 


Depth of water - 
Figure 23. The derived amplitude at the Segoe ofa 


pneunatic barrier, 


Derived amplitude at bottom of 
parrier. Amplitude at surface 
C* 


A. H, Lauric, Dock and Harbour 
Authoyity, June; Moo De 63. 
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The anplitude of the waves at the surface and at the 


mttom of the barrier are converted into orbital velocities by using 









she wave periods and heights. Table LO shows the orbital velocities 


meee bottom of the barrier for the different conditions, 


mr input Orbital velocity Orbital velocity Actual orbital 
Mee tt/ft min. at the surface fraction at depth velocity at 
£557 SSC. Bt. / See. DOtieem seus 


barrier ft./sec. 


2.0 1,64 0.64 1.05 
3,0 1.32 0.66 1362 
a. 1.64 Og51 O,84 
D.3 Te 2 Om One7 
5.3 1336 0,68 0.93 
7, 2 reo Ome 0.76 
7.3 AG 0,52 0,84 
. * 1,36 0.6 Oval 


‘Table 10. Orbital velocity for different experinents. 


A. H. Laurie, Dock and Harbour 
Authority, June, 1955, p. 63. 


For each group of air volunes, the actual orbital 
Mecocity at the botton of the barrier is nearly constant, and this 


, 
t 


v3locity decreases with increasing volumes of air. Iauric submits 


what this orbital velocity consideration, which is not inconsistent 
vith the facts, may be a clue to the wave reduction mechanism of the 
~nheunatic breakwater, 

The Reseerch Institute for Applied Mechanics, Kyushu 
Mniversity, Jepan, has done a great deal of research on pneunatic 
orealkwatcrs. hey have made model tests in a wave tank and have 
installed and tested two separate full size breakwaters. As their 
Memeesase tosts are the first thet have been fully recorded and 


Bnalyzed, ticv offer valuable information on the action of compressed 
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ais> in recucing wave energy, 

The first full size tests were conducted during the 
winter of 1955 at the Iwojina Islands off the Harbor of Nagasaki. 
Ihe location was chosen because the length of waves encountered 
there, up to 15 meters, was short cnough to insure positive annihi- 
lation of the waves. This afforded the Institute a chance to obtain 
Pundanental information on wave annihilation. Figures 24 and 25 


show the installation of the first test breakwater, 


Gv 


Air supply 
line 


ge 
soundings Compressor ———, | 
in meters lp 
5 


Pa 


ao 








<__Bbreakwa 


Figure 24, Plan view of breakwater at Iwojina. 


Research Comittee for Hydrology, 
Cn the Study of a Pneumatic Breakwater Ii, 
De Le 
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Figure 25. Hlevation view of brealkweter at Iwojina. 


Research Committee for Hydrology, 
a ee 

The fetch to the east is two to three kilometers, to 
she northeast six kilonecters, and to the north-northwest ten kilo- 
aeters. During the seasonal winter, wind waves of 3-4 seconds are 
ancountered from the northeast and longer diffracted waves fron 
the northwest. The design wave for the tests was 15 meters long, 
(3.1 second period). The 3" cianeter air pipe was placed at a 
.epth of 8 neters at lower low water and was 30 neters long, or 
vwice the wave length. The volume of air available was 30 3 per 
ainute or 1 n3/min/n of pipe. It is to de noted that, with a 15 n 
wave and a depth of water of over 15 n, tiese tests were conducted 
with "deep water weaves", Previous nodel studies have shown that 
deep water waves are easier to subdue than transitional or shallow 
water waves. It also nust be noted that, at a depth of 8 meters, 
approxim toly 97% of the wave energy from a 15 m wave passes through 


mac aerate: zone, 
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In the design of the pire the differential pressure 
betwee: the pipe and the water was assumed to be 1K:/en? and the 
Boefficient of vena contracta 0.6; therefore, 35.7 holes per neta? 
of 1.5 ma dianeter were necessary for tne voluzie of air availab.c. 

During caln weather the breakwater was operated to 
determine the velocity of the horizontal currents at various poir: 
myeure 26 shows the results of this investigation. It ean be n ited 
mee tests B and C that as the level of the tide increases, the 
feeeepipe Getting deeper, the depth of the current 1 creases, 
ieee andicates the relative efficiency of brociz~> .-3 at differc 
feemas, itt also can be noted that the velocity -.! the current at 
a distance from the air nine (x = 24m and x = 3m for tests C and 
eaemees little with depth, while close to the pipe the velocity 
eradzent is steep, 

A derivation of the relationship between the velocity 
of the water currents and the volume of air, indicated that yeeg? 
This relationship agrees with the work of Taylor and was confirma 
py model tests conducted by the Researcn Committee. Field tests 
mumee ima, however, showed that this relationship vas invalid f>: 
low vaiues of Q. A parameter, @ = a we introduced to 
indicate the volume of air within the aerated rezion of the bubb:. 
jet. The experimental tests in the wave tank were cerried out with 
a § between 0.41 X 1073 and 2.04 x 107> Tne te: 3 at DTwejamommace. 
between 0.5 X 107+ ondn 2.0 28 Ver. merefore, it a:.- 22rs Gimmes 
useful guide in determining bubble efficiency. iv -ue of @ of 
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Figure 26. Horizontal current at various depths 
and displacements at the Iwojima breakwater. 
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oo X aoe was established as the liniting value below which the 
u« Ql/3 Pelationship fails. (1) 

The length of the pipe wes not sufficient to prevent 
diffraction at the ends of the pipe. This increased the wave 
heights in the lee of the breakwater and led to inaccuracies in 
the wave reduction analysis. Despite this handicap the tests 
incicateld that the breakwater was effective in substantially reduc- 

“ing me wives, (See Table T!)» The Comaittec wses the tern 
p.ctically ennihilated" when the wave height is reduced by 1/2, 


anc. consecuently, the wave energy by 3/4, 





| Test D Test F 

Wind velocity Tao. Ty Sec 11s5 n/sec 

Air consunption 14 1/sec/n 16 1/sec/n 

Power applicd ~ 2,01 KW/n 1.13 KW/n 

Weve period 2-3 seconds short and long waves 
Initial mean wave height* 18 cn 423 er 

| Ioduced nean wave height* 13 @m oF Chl 

| Initial mean wave period* 2.2 see, 2.9 sec 

‘Reduced mean wave period* 2.1 sce BED. Sec 

Reduction ratio* U7% 6 3% 


*one-third-—highest waves 
fable 11. Wave reduction at Iwojima. 


On the Study of 2 Pneunatic 
Breakwater, p. 20-1. 


Eee ay ae eae a 


Figures 27 and 28 are Fourier analyses of the wave 
‘spectra for the two tests. The sharp jumps in the reduced wave at 


moe period; are probably due to the ciffraction. 


(1) Research Coniittee for Hydrology, Research Institute for 
Applicd Mechanics, Kyushu University, Japan, On the Study of 


a Pneumatic Breakwater IT, 1955, p. 18. 
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Preure c/. Fourier analysis of test D, Iwojina. 


On the Study of 2 Pneunatic 
Breakwater, II, p. 20-1. 
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Om thewStudy of @ Pucumatic 
Breakwater, II, p. 20=1. 

When the air pipe was designed a coefficient of vene 
contracta of cir into weter of 0.6 was assumed. Tests showed thai 
peeecoctficient varied with the quantity of air enitted. Fora 
iy im dieneter hole the coefficient varicd as follows: (1) 


G@ l1/sec/n 3 10 i 20 
Coefficient of vona contracta 0.32 0.39 O45 (0.47) 
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The location for the second series of tests was 
chosen as Hajina Island off Negasaki Harbor. This site wos 
seuseted, as the waves were longer, and afforded en opportunity 
for the Comnittee to survey the efficiency of the breakwater under 
conditions more apt to be net in practice, Figure 29 is a plan of 


the test instell=-tion, 
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Pigure 29, Plan view of experincntal breakwater at Hajina. 
On the Study of a Pneunatic 
Breakwater 1 7, &. i 


The volune of cir available was 150 n3 /seéc or Tieve 
tines thet available in the first series of tests. All dimensions 
were double those of the first tests. The pipe was 60.5 nu long, 
but only 5" in dieneter; the depth of water was 16 2; and the 
design wave length was 30 2 (4.37 sec. period). The ripe was not 
suspended curing this serics but was placed on conerete supports 


ea the botton of the h-rbor. 
an 





The holes in the vipe were designed with a differen- 
tial heac of 1/4 Ke/en@ at a flow of 75 o3/nin. This inproved the 
efficiency a great deal. A coefficient of vena contracta of 9.4 
was Selected compared to the 0.6 assumed in the design of the first 
installation. 2mm dianeter air holes were selected and spaced at 
92.5 holes/n, 

Water velocity measurenents were nade, as in the 
first series, with sinilar results in general. Fisure 30 shows th> 
relationship between the horizontal water velocity and the depth 
at various distences fron the air pipe. Figure 31 shows the 
relationship between the horizontal velocity and the distance 
mom the air pipe, for various depths. The graphs point out that 
the velosity cecreases with Cistance from the pipe, but the current 


thickness increases, the procuct of the two increasing. 
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Figure 30. Horizontal current at various depths and displacenent 
at the Hajima breakwater, 


On the Study 2f 2 Pnewnctic 


Breakwater Iil, mo 





Figure 32 is a Erapn of Horizontal water velocity, 


ata distance of 12 neters fron the aim@” pipe aiid at a demtnior 
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50 en, plotted against the volume of air enitted. This data 
varies markedly from thet obtained at Iwojine. The Hajima data 
Maintains the relationship U = 0.314 gl /3 throughout the range 
of g Meer 0.39 XxX 107+ to 156 x eo well below the critical gE 
femid in the first series of tests, Additionally, the velocity 
mes much larger for an equal volume of air; consequently, tHe 


bubbles were much more efficient than in the previous tests. 
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Figure 21. The relationshi» between current, depth and displace- 
Beare 352. went, Hajinas. 


On the Study of e« Pneunatic 
Breakwater IiI, p. 142. 


"The explanation of tne increased cfficiencies nen- 
tioned car De given as follows. We succeeded in reducing the 
Meeaoure  ificrence of the pipe by using « vertinent coefficiens 
eeecemuraction. Consequently, the diameter of cach bubble became 
sualler (sbservable even with the naked eyes) and the naxinun 
s-eemcing velocity of the bubble was reduced. Therefore, loss of 
energy is presutably reduced, Secondly, due to the deeper location 
Semeere Pipe, the energy of the bubble at the depth of pipe can se 
tvansferred to the upper water surface with less energy loss; con- 
secuently, the energy of the bubble is transfornead more efficiently 
into enersy of the water current. (1) 


(1) Research Comittee for Hydrology, Research Institute for 
Applied Mechanics, Kyushu University, Japan, On the Study 
eo tnevoatc Bueclveten It, paper submitted to. the 
Japan Society of Coastal Engineering, 1956, p. 140. 
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The increase in surface velocity with the increase in depth of 
the air pipe (tidal variation) was pointed out on page 60, 

The first annihilation tests were nade before the 
construction was completed, with only the wave recorder behind the 
breakwater in place; however, the wind and waves were very steady, 
and consecuently, the characteristics of the waves taken before 
@niafter the onnihilation did not vary appreciably fron those 
during the test. The oncotiine wave was inclined about 30° to the 
oreakwater. No ciffraction was noticed. The initial weve had 
periods less than 4.5 sec., and the nzajor components of the wave 
had periods between 2,5 and 4.0 seconds. The reduceée wave had a 
period sinilar to the original wave and was reduced throughout its 
range of periods. (See Figure 33.) The wind velocity was 7 m/sec, 
the depth of pipe was 16.78 n, the air consumption was 19 1/sec/n, 


end the power applied was 1.87 KW/n, 


SN. eens Ve f acl e 
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Figure 35. Wave pattern before anc after the breakwater at Ha jina, 


On the Study of a Pneunatic 
Breakwater Iil, p. 143 
The Cormittee deterrined from an analytical study 


that the power required to annihilate a wave was = 0,002 L209 KW/n 
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where L is in :icters; therefore, for a 4.0 sec. wave (L =25 n) 
- power recuired would be 6.25 KW/n. Evans determined that the 
‘power in the opposing current recuired to completely stop a sinilar 
wave (H/L = 0,01), would be 0,29 L229 x ao=* HP/', where L is in 
‘feet, (Table 4) or 0.00138 Lee? KW/n where L is in neters. 
‘For this weve the power in the water current would be 4.3 KW/n; 
however, to reduce the wave to 1/2 height would take only 72% 
(Table 6) of the power for complete reduction or 3,08 KW/n. The 
meplied power is about seven tines the power in the current or 
21.5 KW/n. Assuiing the compressor efficiency is 50%, the power 
in the air is 10.3 KW/n. The power in the conpressed air in the 
actual test was 1.37 KW/n of pipe, or only 30% of that predicted 
by che Comittee and approxinately 17% of that estinated by Evans. 

Another test, conducted when the waves were longer, 
showed that waves up to 5 sec. (L = 39 meters) were dampened. The 
test was disturbed by o strong northerly wind which tilted the 
direction of the waves, The longer waves were coning fron a direc-~ 
tion of 45° while the shorter ones were approaching fron a direction 
of almost 90°, This confused the picture, and therefore, the 
analvsis of the test ignored the shorter waves (less than 3.0 sec.) 
as they would have been easily dampened by the breakwater. 

The highest one-third of the renaining waves had the follow- 


ing characteristics: 


Average height Average period Average length 
Tnitial wave 96.4 en U.42 sec. 3085 oi 
Darim.ened wave 66.3 en Uu.67 SeCe 33.9 1 


Dannening ratio = 0.69 
Winc velocity Sn/sec., Air consunption 17.46 l1/sec/n 
Depth of pipe 16.25 m Power required 1.68 KW/n 


63 


= 
i 


cS 





os 
‘ 
. 





The increase in the wave period between the original 
end the trans:iittea wave is due to the fact that a longer weve is 
less suscentible to dampening. The waves fron 3-5 sec. were 
daripened almost equally in this test, 

To determine the vower necessary to reduce tne trans- 
mitted wave to 1/2 the incident wave height, Table 6, can be used. 
Fo:> a wave with H/L of 0,03 the power must be nultiplied by 44/26 
BO decrease the darpening ratio from 0.69 to 0.50. In this case, 
1,68 X 44/26 = 2,84 KW/n. The Research Comuittee's theoretical 
power would be 10.3 KW/n, and Evan's 20.7; therefore, the actual 
pewer is only 28% of the Comnittce!'s and 14% of Evan's estimate. 

In studying the mechanism of wave reduction the 
Cormittee undertook two cases. 

1. If the horizontal eurrent is the main factor in 


wave ~eduction the results showed that 


| = 2 (i) @ (2) 
e ghd 205 L 1 (eis) Y) Gia) 
where h is the thickness of the horizontal current and ho is the 
eatocspheric pressure, 


ae, if *surbubbent eyiseceaity is the main factor in 


wav2 reduction then the results showed 


eri CP, () 
SLs, 205 (2) Ys (hy) 


Therefome, to achieve maxinun efficiency in case ly 
h/L should be siell, and in case 2, L/z and § should be as snall 
69 
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ms possible. These requirencnts are contrary to each other, 
Beylor and Evens believe that case 1 is more applicable, while 
me Comittee is inclined to secept case 2. Further tests should 
Show which is nore applicable. (1). 

In the reported tests the power requirenents were 
consideravly nore than might te expeeted by the fornula P= 0,002 
SnaLcating, thet there is something wrong with the formula. The 
assunptions used in deriving the eauation were: 100% efficiency 
Se the bubble jet, no action of turbulent viscosity, and all of 
Bac weave annihilation due solely to the horizontal currents. fhe 
Boriictee exanined the effeet of turbulent viscosity in hopes 2f 
Beiving the problen, 

Denoting the turbulent velocity by OY U ane the nixing 
eistance by ©@h, where U is the horizontal velocity and h is the 
thickness of the current, the turbulent viscosity is %& Uh. & 
pnd © may be determined by experiments. Their product,qé@, 
Bas found to be 0.016 in a jet strean,. 

All of the waves that will just be stopped by a 
@orizontal current velocity Uz will be given a wave nuber, ky. 
The wave velocity = 4U, and k, = 277/Iq. A paraneter which will 
der.cte th. efficiency of the viscosity of the breakwater is 
ay = 4OQScxyh. A wave amplitude is expressed by el(kx-st), ay 
Sortcribytes to the imaginary part of k, ky Ky is the factor 
afsecting dampening, e7*iX, 


my fbid, p. 145. 
(1) id, p 5 06 








Piteure 34 is a plot of + an ®& where § is 
k 
O 


the ratio of 4U/C, C being the wave velocity. It is seen that with 
no viscosity (a; = 0) k/k, is discontinuous at § = 1. With little 
Viscosity the k/k, ratio increases slightly fron § = 0.5 onward, 
and henee, waves can be perzanently reduced even if the horizontal 


current is less than C/4, This is in agreenent with Evans. 
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Figure 34, k/k, versus & 


On the Study of a Pneunatic 
Breakwater ITI, p. 145 


Figure 35 is a larger scale plot of (k/k,)3- 
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Figure 35. (k/k,)4; versus 4 


On the Study of the Pneumatic 
Breakwater ITI, p. 146. 
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The results of the tests at Hajina indicate that this 
meproaech is correct, By using Figure 30 the current at x = le 


fee 1.0 n/sec,and the deptn of the current is 7 nm. It is difficult 





to determine the horizontal extent of the mixing distances there- 


more,a trial distance of LOnm (where U is 70% of its maxinun) is 











used. A current of 1,0 n/sec can stop a wave that has a velocity 
fm +.0 n/sec. A 4 n/see wave has a length of 10.2 m and a ky of 
0.622/n, ay = 446kj;h = 0,274, This data is constant for the 

tess set-up and for a constant volume of air, regardless of the wave 
monditions. 

The first test revorted ct Hajina annihilated waves 

Me. b= 25 5. An analysis of this wave using the new turbulent 
Yaiscosity criteria should be interesting. For L= 25 n, ky = 0.251/n, 
C = 6.25 n/sece & = 4.0/6.25 = 0.64. Fron eae ee (k/k,  =0.0895 
Mnerefore, k, = 0.251 X 0.089 = 0.0223. The dampening coefficient 
ig ¢79-0223 X4O 20.4112. It can be scen fron Figure 33 that the 


—_ 


@eipening ratio is close to this figure. 
The second reported test md a wave of approximtcly 
30 m length, k, = 0.209, C = 6.89, & = 4,0/6.89 = 0.58, Fron 
Figure 35, ky ss = 0.056, then k, = 0.0117, and the dampening 
factor fs 790-0117 X Be 0.634, The dampening ratio is 0.60 which 
Meewithin reason. (1) 


ring the sumier of 1956, Mr. Laurie conducted"sonie 


(1) Ibid, p. 145 - 46. 
72 





ee 





eee 


Eo SE lh Teer 


euite successful" experinents (1) at Dover (2). He is currently 
ereparing to build a pneunatic breakwater 900! long to span two of 
the stone breakwaters in the harbor. Tne results of the experinents 
and the proposed breakwater will add much to the existing knowledze 
of pneumatic breakwaters, 
In view of the full size tests conducted by the 
Japanese, it will prove beneficial to check the pneumatic breakwater 
theories, which were proposed earlier, with this recently acquired 
deta to see which ones agree nost closely with actual practice, 
Taylor nade his analytical study on the prenise that 
the waves would be completely stoppedg however, there is no actual 
data on complete wave annihilation. By computing the velocities 
Of she horizontal currents predicted by Taylor and modifying then 
by Evan's reduction factor, (Table 6), for the danpening ratio 
actually obtained, we can evaluate the combined work of Taylor and 
ZVAaLS « 
Soreasae itairst test at Hajina Lb = 25 m and h= 7n. 


One L = 25 = O 
z 2h On? -_. 


Puom Figure 140, = 3.7 
ue = tee = L 


ae = 25 x 3222 2,05 
otha e aXe —rawre i 
im) Tr 


w = W469 o/see, 


(1) The results of the experinents have not yet been published, 
mm) &. H. Laurie, letter to the author, Jamuary 21, Woe 
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Phe dampening ratio was approxinately .+53 therefone, 
from Table 6, the power requiraients are .67 of that for complete 
3 
mecvetion and U = \ 67 = Gie7. Therefore, the predicted U would te 
1.69 X .87 = 1.47, where 1,0 m/sec. was sbserved. 


The second test at Hajina had an Lc 3035 1 and hee yon 
The dampening ratio was .693 therefore, the P required would be 61% 
of that for conpleto stopping, and the U wuld be Y,69 = 38, 
fhe »redictcd U woulc be .88 x 1.92 = 1.7 m/sec; wherers, 1.0 r/see was 
Spse.vec. <n cach case, Taylor's work modified by Evan's power 
Peduction fact»r, predicted a higher required current than was found 
necessary in practice, Turbulence nay be the nissing link, 
Taylor estinated thet, barring any losses, the depth 
of the horizontal current should he 428 times the Cepth of the aim 
pipe. At Iwojima, where the air pipe was at 8m below the SUPTaces 
the depth of current should Mave cquoled .26 x 8 = 2,24 n, Tt gee 
“sorved to be 3m, At Hajine the pipe was 16 m below the surface, 
and the depth of current should have boon 4.5m. It was found to be 
=O. 
Taylor's analogy to Schnidt'!s work indicated thed tre 

7olocity of the horizontal currents should eqrl 1,9 (Q2)/36t/sec 

ath 0 in ft3/see/ft or using Q in l/sec/n, 0.406 (q)173 n/see. The 
‘esearch Comittee deternined fron their tests at Hajina that 

P= C.324 (¢)1/3 m/sec. However, the Hajina tests showed « higher 
vadue of U, with the sane volume of air than was experienced at Iwojina; 
nsequently, wre efficicnt breakwaters yet will probsbly bring the 
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vaiue of U close to Taylor's prediction. 

fhe Franzius tests indicated that waves shallowor 
than H/L = 0.05 were difficult to reduce. The four reported Japan- 
ese tests had H/L ratios between 0.01 and 0,03, yet all were sub- 
stantially reduced, 

Iaurie proposed that orbital velocity may be a stronz 
factor in the efficiency of a pheunatic breakwater. He showed fron 
the Franzius Institute test data that there was no wave reduction 
when the orbital velocity was less than 1.3 ft/sSee., Gestupea 
Iwojima hac an initial wave height of 18 cn and a periiod sof 2azZeasec. 
fhe.orbital velocity was therefore, Jeo at = 0.84 ft/sec... 

SG aa Ore 
well below the proposed liniting value 7f 1.3 ft/sec, yet the reduc- 
tion ratio was 0.47. 

It is interestins to note that of the four methods 
proposed for determining water current velocity or the power required 
Por wave reduction, all methods, except Evan's, are independent of the 


wave height, 
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CHAPTER V 


THE USE OF THE PNEUMATIC BREAKWATER 
IN AMPHIBIOUS WARFARE 


Wave conditions played an important role at both dwe 
Jine ani Noomandy, as related in Chapter I, In view of the develop 
ments jn pneunctic breakwater Ccestiang it is: interesting tomece 
what effect a nmneunatic breakwater nicht have hac in each case. 

If a »reakwater siziler to but longer then the one 
used at Hajinma had been used at Iwo Jina, the following wave reduc- 
tions would have been achieved, 


ky = .612/n, ay = .274 x= 4On. U = 1.0 2/sec 
ae «6 NSec/n. h = Fm 


Danpening 
coeff: 
" * trans- Transii tted 
i: | k ,/k k k.x mitted energy ss % 
i , foo “4 -" bt as % |) of aise 
sec. el, Wie Tie of initial*® onergy 
Neves 
3 dt 49 “85 Wo ‘8 Fey, ws = 
4 25 O51 86.64 2.090 023 s72 2 30a Loge 
5 39 mol 6. Oem .0050 20, Gani 67 
6 pee | elie 43 2015 50027 050 Ooy% 87 


faplc 12, Theoretical wave reluction deta for the Hajina breakwater. 


Reduction of Energy Predieted With 
"Hajina" Breakwator for Various Weves,. 
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If the breakwater were placed on the bottom, the 
ratio of L/D for the 5 and 6 second waves would have been 2.44 and 
3.46 respectively, therefore, the waves would have been in a trans- 
muromal state, anc the reductions listed above would have to be 
Mmecatied. However, if the breakwater is suspended at a depth of 
16 0 in water 30 m deep, the waves remain deep-water waves, and the 
above reducticns are valid, 

To increase the wove stopping power of the breakwater, 
Ghe voluie of air is increased to 30.5 1/sec/m (20 cfn/ft), and the 
air ynipe is lowered to a depth of 28 meters. This breakwater will 
pe referred to as breakwater a, 
m= i n/sec X (30.5/19)1/3 =a? yecec. 

There is no known way of accurately determining the 
lepth of the current generated by 2 pneunatic breakwater in advance 
of actual tests; therefore, in view of the following results, which 


Pwore obtained at Iwojima and Hajime, it will be assumed that 


m= 12.5 n. 
BS =e h=3u Iwo jina 
Z =16n h=7n Ha jina 
Z = 28n h=12.5 n #$£4Breakwater A 


The distance of horizontal trevel of the current is 
iore difficult to estinate. The Japanese tests gave these values of 
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Z = 14 1/siec/n m= 16 5 Iwojina 


19 i/sec/n x= 4On Ha jina 


OO 
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Mae yilue of x in Breakwater A is assumed to be 80 n. 
Z =28n Q = 30.5 l/sec/sn x= 80n 
Ti 
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wt 





The assumed value of 80 m appears reasonable and 


probably is on the conservative side, 
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= 1.17 m/sec 
Pau = 4.60 m/sec 


4.68 X 3.28 /5.12 = 3 sec 
BP5,12 X 3° /3.28 = 14.05 wm. 
= 277/14.05 = .4+7/m, 

UX 0.016 X 447 X 12.5 = .357 
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h = 12.5 m, 
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x = 8Om. 


Dampen*.ng 
coeff;trans- 
mitted Ht 

as % of 
initial 
height 


45 
38 
73 
90 


Trans- 
Mineo 
ener ‘7 
as % o 
initi: 
ener.:* 


11 
23 
81 


Theoretical wave reduction data for brealivater "A", 


Breakwater 


The breakwater would have to be placed in iater at 


Reduction of Energy Predieted with 
"tA" for Various Waves 


least 39 m deep if the 7 second wave is to be a deep water wave, 


otherwise, the wave reduction predicted for this wave would have tc 


be modified, 


Figure 36 is a chart of the immediate Iwo Jima area. 


The original landing beaches are on the southeastern side of the 


island. 


Table 1+ lists the computed characteristics of the 
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.aves on the southeastern beaches for D-Day, February 19, 1945, and 
merea Snort time before and after. 
"In computing wave characteristies, we used 
catefly winds as incicated by isobar orientation and SHOE TINE 
sance actual wind cbservitions were either sparse or lacking. 
No attempt was made to derive surf conditions fron the con- 
puted deep-water waves, nor was the contribution of swell 
considered, Both of these factors would be expected to 
produce breaker heights somewhat sreater than the wave 
medients listed in the enclosed table, particularly on tne 
southeast beaches with seas fron the east through south." (1) 
The energies contained in the incident waves at Iwe 
Pitta are also listed in Table 14 along with the residual energics 
that would have resulted if the Hajina breakwater and breakwater A 
mod been used, 
Table 15 gives the swell conditions in the vicinity 
Se. two Jina during the same period. Some of the periods of the swell 
were not readily available. They have been assumed by taking the 
everage of the flanking periods. The wave energy in each swell has 
Been computed and is listed also in Table 15, 
At Iwo Jima, "The Weather deteriorated toward nid- 
afternoon of the first day, and thereafter was nost erratic”. (2) 
The wave anc swell data from noon om D-Day until 2400 on D + 6, 
therefore, will be evaluated in conjunction with the expected results 
from breakwater A. The average wave energy during this period was 
32,400 ft-15./ft of wave crest per wave. Only 15.4% of this energy, 
or 4,990 ft-1lb/ft, would be transmitted past the breakwater. The 
avyersgce eneccy of the swell during this period was 28,100 ft-1b/ft 


(1) John Lyman, Director Division of Oceanography, Hydrographic 
Merree, ietrver to the author, March 19, 1957. 
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Swell in the vieinity of Iwo Jina February 1945 
Extracted from COMPHIBP&AC Aerological Reports 


Tine Lat. Long. Diree- Height Pefiod Energy 
Late LST N R tion Feet Sec, £57) 
ii 2 3 Ly 5 6 7 8 
L7 Ou 16 Thy. B 3 10 36, 800 
10 17 143 NE 2 9 is 300 
16 18 ee NE 3 9 29, "800 
22 18 142 NE 3 9 29, "800 
18 03 20 ie NE Lh 9 52. 900 
O09 at ee NE 5 9 82, "600 
as 22 142 NE 5 9 82 “600 
oir 23 Lhe NE 5 10 Oar "000 
19 63 al. 1402 N y 10 65, 600 
O09 25 ne N Ly 15 Tye 500 
15 a5 141 N 3 i 53,100 . 
et 25 14} N 3 12 534100 
20 03 25 er N 3 10% 36,800 
O09 25 141 N 3 10* 36 *800 
15 a5 ee N i 10* 4? »080 
ome a5 aes: NE 1 10* Fa O80 
PL 03 25 141 N 3 10* 36, 800 
09 25 tee N 3 10* 36, "800 
15 25 eee N 1 10* La ,080 
am 25 141 NE 3 10% 30x "800 
22 03 25 LI B Ly 10* 65. 600 
O09 2 141 zs dt 10* L 080 
15 25 41 B 1 10* Ls O80 
21 25 141 N 3 10* 36, 800 
ag} ok 25 147 N 3 10* 36, 800 
09 a5 141 N ye LO* 65. 600 
15 25 Le N Ly 10* 65° 600 
21 25 141 N 4 10* 65 +600 
24 03 25 141 N “ 1Lo* 65,600 
C9 25 VWI N fl 8 2,620 
i 25 deal N i Gx 2 620 
21 25 141 N 1 8* 2 620 
25 03 25 141 NW 1 8 2 620 
O9 25 141 N 1 8 2 620 
a 25 141 N 1 9 an "300 
a 25 ae SE i 7 2 000 
26 op 25 141 N 1 8x aa "620 
O9 25 HT SW ai 8 2; 7620 
LF 25 141 3 o# 
2 25 ae NE 1 7* 2,000 
27 03 -25 LY1 N i 7 2° 900 
09 25 L471 NE 3 8 23, "500 
15 25 i NE 3 8 oon 500 
2. 25 141 NE 3 8 23, 500 
fable 15 


Boyd E. Olson, U.S. Navy Hydrographic Office 
LemGer to author, dated 10 e@pril, 1957 


(4) Col. 8 convnutec by author, *values assuried by author 
7 Appears to be in error and is disregarded. 
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Be Crest per swells therefore, on a one wave to one swell basis 
eamiost half of the energy in the combination would be clininated. 
meecover, the frequency of the swell would be approximtely one- 
ialf that of the wave, and therefore, the breakwater would annihilate 
approxinately 60% of the total energy approaching the beach, Althouh 
the swells would not be reduced, their effect on landing craft 
would be less than the effect of waves with the sane energy, because 
their wave height woulc be lower, and they would allow more time for 
the craft to recover between waves. 

The design wave at Normandy was 8 ft high and 120 ft 


Jong. Breekwater A would recuce this cesign wave accordingly: 


t L =, § ks/k, ky k,x Danpening Transiittec 
coeff; trans energy asf 

SCCe De FP mitted Ht as of initiéel 
% of initial energy 
height 

eee 6 ONG «6l715)«= «0617 2Sss(«w095Ss«w 062 «1.30 a? 7a 


uncrerome.. tie Cesten wave with an GHergy of 61,400 
ft-lb/ft would transmit only 7.2% of this energy or 4,400 ft-1b/ft. 
Pewmrning to Figure 1, it is noted that by reducing the wave herent 
DY 738, the tonnare unloaded is increased greatly. 

tinstalletions of the nneumetic breakwater to dat@ have 
peen nace without the urgency recuired in an amphibious speration. 
™ give the maxinun protection the breakwater should be in place and 
opercting within hours after H-hour. This necessitates the pre- 
packaging of the conponents of the breakwater. An expeditious means 
Po imecailing end operating the breckwater would be to package all 


33 





mie components for a length of the breakwater in a landings craft, 
such as an ICM, The packages would be interchangeable, and if one 
Mit were lost a replacenent could be substituted for it. 

All previous installctions have been made using netal 
Pepe as the air pipe. The pipe has proven satisfactory, but it takes 
metong tine to lay it. Additionally, there is the inherent trouble 
cf leaking joints which are hard to correct once the pipe is in 
plece, The use of a hose in place of a pipe would elininate these 
two objections. The hose could be coiled on a reel carricd aboard 
em eOM and quickly unreeled and laid, as the LOM proceeded at low 
speed along the line of the breakwater. A hose with a neo»vrene 
tube or lincr 0,090" thick with 3 plies of nylon fabric reinforcenciit 
and with a neoprene cover 0,050" thick, would have a bursting 
strength of 230 psi in the 6" size, yet would be flexible enough 
to be reeled. The hose would weigh about 2-1/4 pounds per foot in 
this size and would be resistant to age, weathering, cand salt water, 

Mr. F, J. Pechal, Development Engineer of the Raybestos- 
iankattan Incorporated, attempted to spin 1/8" holes in a sample of 
the above hose, This was not successful as the holes varied in size 
ana were tapered. Drilling tears the rubber and nakes jagged edres,. 
rurther work on the drilling of small holes in sinilar hoses is 
mec, In the necntine, small even hoics couid be made in the 
hose by inserting metal gronncts. 

When the system is in operation, the 6" hose would 
rave a buoyancy of 3,14¢ 64 = 13.7 = 2.25 = 11.45 lb/ft net 

yy 
8h, 
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Duovancy. Therefore, anchors would have to be used to cvercone this 
Pucvancy. As the hose is laica out, there would be a heavy strain 
Meethe hose due to the anchors fastened to it. To take this strain 
B wire rope should be fastened to the hose, and all of the strain of 
seuting the breakwater should be taken by this rope, 

If the breakwater is to rest on the bottom, anchors 
moura heave to be clamped to the wire rope, as the hose and rope are 
unreeled. If the breakwater is to be suspended at an elevation, 
@eeeral Provisions must be made. If the bottom is even, a pre- 
Setccrnined leneth of anchor line would hold the hose from rising o1.t 
Beeposivtion, On uneven bottoms, or where the depth of water is not 
ecrtain, an anchor, sinilar to but smaller than the anehors used on 
Serreee-laid nines, could be used to hold the hose at the right 
depth, (Sse Figure 37). When the breakwater is not in use, the air 
Peeseure in tne hose would decrease, and the hydrostatic head would 
Setleapse tne hose. The buoyancy duc to the air would be lost, and 
tac hose would sink to the botton. Where the depth of water 
is so great that the compressors could not overcoic the hydrostatic 
head at that depth, it would be necessary to attach floats to the 
hose to insure thet it would not sink below its design depth. 

The compressors need to have a high volunetric 
Capacity at about 50 psi gage. A gas turbine air coupressor has theo 
advantages of large volume (up to 1800 efn), low weight (5504), an 
sniall size (57" long). However, it has the disadvantages of low 
Bittcioncy ond = current moxizmm discharce prossure of 40 vsir. A 


compressor with a capacity of 2400 cfm at 60 psig is under development. 
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The anchor assenbiy consists of a 
float, the anchor, and a plunnet. 
When the assenbly is first laid 
the float and anchor are fastened 
together and their net buoyancy is 
positive. The plummet falls until 
the wire holding it to the amen 
reaches a pre-determined length 
equal to the desired depth of the 
breakwater. 


The anchor is freed fron the 
float and partially fills with 
water, decreasing its buoyancy, 
and it sinks. The anchor wire 
to the float runs free fron a 
reel inside the anchor, 


When the plurmiet reaches the 
botton the tension in the plummet 
wire is elininated; tha causes 

a pawl in the anchor to engage 

a rachet on the enchor wire reel. 
The reel stops unwinding and the 
anchor wire leneth is set, 


The float is then pulled dowa 
by the anchor until the anchor 
15 em the bottem. The aimyiiiee 
is then at the desired depth 
below the water, 


Plzure 37. The operation of an anchor to position the breakwater 
at the desired depth, 





For depth un to 75 ft., the gas turbine air conpressor would be very 
feec, the installation at the train ferry dock in Dover used one, 
and the tests at Hejina and Iwojime could have done so. For break-~ 
Water A, the depth of water of 92 ft would be too deep for the gas 
turbine air compressors now available, 

Rotary, vane type, single stage compress-rs of 50 psig 
memoOO cin are available and coulc be used for the sir supply. 
Mwoestage rotary compressors can furnish larger pressures of air if 
required. Rotary compressors are of such size that four of then 
furnishing 2 total of 6400 cfnm could be installed in one ICM. The 
ICM would heave to be nodified in order to support the compressors; 
to increase the capacity of the fuel tanksj and to provide the riggins 
@ear for handling the air hose, wire rope, anchors and floats, With 
6400 cfn/iC.1l, each craft could install and supply approxinately 320! 
of Lreakwatecr A, 

For this breakwater the hose diagram would be an in- 
verted TI, the vertical hose supplying air to the horizontal ones, 
Paeeeength of thetprizontal hose would be 320 ft., anc the length 
eeeedte vertical one would be the depth of the breakwater plus 100 7ft., 
meeecccdon of the ICM at its nooring, or a total of -92 ft. 


The friction loss in 2 6 in. sten woulc 273 


Di AERO? a= x 640019? X 192 = 3,95 pst 


d? » 1000 6? X48 X 1000 
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Hhe loss in the 6 ing horizontal lege mould be: 


b= % _— fea al Q= 201 
6 X46 X 1000 


160 
i= "106" X 1077 ‘, (20 1) 2°85 44 


D= 4,98 x 1077 ee 160 
Psoo 0 
D= .32/ psi. 


The orifice loss is about 4 psi-Hajima design data. 


The total loss in head at the extrene orifices would 
we = 8.3 psi; therefore, approxinately 41 psi would be available 
Sememcercouc the hycrostatic heac, and the breakwater could be used 
miomeny depth up to 92 ft. 

The neoprene hose has a tenperature linitation of 250°F. 
The discharge teripercture of the compressors varies fron 300°F to 
ep OK , Comeiecucntly, the compressed air would have to ie cooled 
vefore reaching the neoprene hose. This could be acconpivsaeiwe, 
metme aitercoolers with the coupressors, or by supplying the air 
Bo the hose throuch a heat exchanger bank suspenced in the wo@ene 

The scquence in installing and operating the break- 
water woul’ be: 

ie A control Doat would Iny out floats, ineiegring:g 
the locaticn of the breakwater and showing each LOM's section of it. 

2. Hach ICM would start cat one end of its scegnent 


ana lower « heavy anchor fastened to the end of the wire rope and 


88 


-—— a4) ‘% °c = 





. “J | 
a — 2 
'* 
——— 
- . e 
- 
ae ee co = —_ 

_ ~—_ —_ —_ <= 

ls a§=— — 
* - ' -_ 





3. A Slignt strain would be kept on the end anchor 
t» keep the rope and hose stretched out as they ere being laid. 

4, Internedinte 150 lb cnchors would be attached to 
the rope every 10 ft. 

5. A float woulc be attached to the free end of the 
wertical hose, as the free end is unreeled, and then they would be 
thrown overboard. 

6. The wire rope would be made longer than the hose 
so that the hose could be stretched out its full length on the 
potton. After the hose is stretcheca out the enc of the rope would 
se thrown overboard. (See Figure 38.) 

7e The LOM would return to the area of the center 
of the hose and noor with one anchor on either side of the break- 
water, The moor would keep the craft from swinging with too large 
2 radius around its anchorage and would reduce the length of the 
yortical hose required, 

8. The ICM would connect the floating enc of the 
fer meea) Nase to the compressors, and would. .coarmience supplying alr 
t> the breakwater, 

9. The pressure would be adjusted to the nininwm 
necessary to obtain air bubbles all along the hose, As the tide 
changes, the pressure would have to be adjusted to the current depth 


of the brea’ water, 
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Breakwater complete 


The laying of a Pneumatic Breakwater. 
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CHAPTER VI 
CONCLUSIONS 


1. Despite the thought and effort that have been applicd 
to the study of the wave reducing nechanisn of the pneumatic break- 
m_eeer, 2 great ceal nore retiains to be done. The cxperinents at 
Iwojina anc Hajima are the first full size ones tnat have been 
recorded sufficiently to be of use in checking the proposed theories. 
The Japanese turvulent viscosity approach appears to be verified by 
miese tests; however, two installations are not considsred sufficicnt 
for a conplete stanp of approval. 

2. ven without a complete understanding of the working 
ee ume breakwater, several iuct.; appear to be substantiated. 

(a) Waves can be recuced by a pneunatic breakwater. 

(b) The reduction of waves decreases rapicly as the 
waves pass from a deep water stase to a transitional stage and then 
to a shallow water stage; therefore, the breakwater should be placed 
at a depth equal to one-half the wave length. 

(ec) The power recuired for wave reduction increases 
rapidly with increases in wave length, 

(d) The breakwater is nost efficient when reducing a 
high, short wave and is least efficient in reducing a shallow wave. 

3. The Japanese viscosity theory indicates that a 
volume of sir of 20 cfn/ft can eclininate 89% of the energy in a 128! 
wave, 47% of the energy in a 185' wave, and 19% of the energy in a 
250' waves With an increased quantity of air these reductions could 


be increased. 
91 


. 
i ae 
7 
e — 


. 
on Mae 





—_> ' how 6 ee oe Oe —o S| 
ae a e's oo ~- 


~ tama FoF +. . ; : 
s- . re = ; at - . ns 
* : 
_—, - —— « — 
ogg ¢ oe - . Q . 
e ~ oe bs oe 
‘ ’ 
| v mie ? = o . * cn 
ee on . cy a 





Lu. The breakwater connot yet be classified as an 


econonical, permanent substitute for a conventional breakwater 


except in a location that is seldom threatened by waves end then 


only by colparatively short ones, 


5. The pneunatic breekwater has a sood future in pro- 


viding tenporary protection where the water is deep enouch and 


the waves are short enough, 


6. The use of wave protection during anphibdious 


operations would contribute 


ereatly to the reduction in casualtics 


and the loss of landing craft and equipment, 


7. A pneunatic breakwater could be transported with 


conparative ease to a landing area, installed and put into 


operation. 


Oo 


Oe A pneunatic breakwater could furnish a high degree 


of protection asainst all waves less than 200' long. 


9. A najor cisadvantaze of the pneunatic breakwater, as 


feepared to 2 "Phoenix" breakwater, is the couplete absence of 


protection from waves appreciably longer than the design wave; 


therefore, this breakwater must be used where there are no high 


long waves,or where the calculated risk of encountering these 


waves can be taken, 


ve 





CHAPTER VIL 
RECOMMENDATION 


ii; is recomrended that the U. S: Navy, in the absence 
fee T1OTe promising mobide breakwater, further develop the 
pneumatic breakwater and include it in anphibious warfare 


acetrine,. 
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